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ABSTRACT
The fundamental purpose of this project was to expand the knowledge of the 
et,ph-P4 ligand system, Et2 PCH2CH2 P(Ph)CH2 P(Ph)CH2CH2 PEt2 , used to make the 
very active bimetallic catalyst racefw/'c-[Rh2(NBD)2(et, ph-P4)] (BF4)2. The ligand was 
designed to both bridge and chelate two metal centers to allow the metals to remain in 
close proximity. This is the key to the bimetallic cooperativity concept involved in the 
hydroformylation o f  olefin substrates, where an intramolecular hydride transfer has been 
proposed to occur from one rhodium center to another during the catalytic cycle. This 
project involved the study o f a variety o f olefin substrates to probe their activity and 
behavior with our catalyst system. The addition of several non-nucleophilic bases to the 
catalytic solution, primarily used to hinder the production o f undesirable isomerization 
and hydrogenation side products in the reaction, showed a strong correlation between 
the pKb o f the base and the initial turnover frequency, but exhibited no correlation with 
the steric bulk o f the base. A neutral catalyst precursor, race/w'c-Rh2(r|3-allyl)2(et,ph- 
P4), was synthesized and is a terrible catalyst precursor for the hydroformylation o f 1- 
hexene. The addition of 2 equivalents ofHBF4 to this system generates a highly active 
and regioselective bimetallic catalyst. In situ FT-IR mechanistic studies on several 
bimetallic hydroformylation catalysts are reported and new proposed mechanisms for 
bimetallic hydroformylation involving bimetallic cooperativity are presented. These 
bimetallic mechanisms incorporate both monocationic and dicationic catalytic species in 
the catalytic cycles.
CHAPTER 1 INTRODUCTION
The use of monometallic complexes in catalysis has been well documented and 
these systems appear to be much more efficient in homogeneous catalysis than dimer and 
cluster systems.1 Our research group has been very interested in the synthesis, 
characterization, and transition metal complexation chemistry o f binucleating 
polyphosphine ligands to prepare bimetallic compounds for homogeneous catalytic 
applications. It is of interest to prove that bi- or poly-metallic cooperativity can play an 
important role in homogeneous catalysis. This goal has been dramatically achieved 
through the design and synthesis of a new binucleating tetraphosphine ligand that can 
bridge and chelate two metal centers.
Phosphines are useful and versatile ligands, especially when acting as cr-donors to 
help stabilize low-valent late transition metal complexes. The use of these sigma donors 
in coordination chemistry and homogeneous catalysis is well documented.2 
Bisphosphines such as bis(diphenylphosphino)ethane, Pf^PCf^Cf^PPlvj, can form five- 
membered chelate rings with transition metals, helping to stabilize the complexes . 
Changing the substituent groups attached to the phosphorus can change the electronic 
factors associated with the metal complex. The use of alkyl groups in place of aryl 
groups can increase the electron donating ability of the phosphorus ligands. The strength 
of the metal-ligand bond is generally increased with the addition of these donating alkyl 
substituents and these changes can also alter the reactivity of the metal center.
One of the problems involved in the use of multimetallic systems in homogeneous 
catalysis is fragmentation. High temperatures and pressures o f synthesis gas (1:1 mixture
1
of H2 and CO) can cause these metal-containing compounds to fall apart. Methods for 
coping with this problem generally involve the use o f strong metal-metal bonds or the 
use o f bridging ligands such as bis(dimethylphosphino)methane, dmpm. The main 
disadvantage o f strong metal bonds is that they cannot be used as good reaction sites. 
The use o f dppm as the bridging ligand can often hinder reactions because this ligand 
does not coordinate as strongly as other bridging phosphines and is sterically 
encumbered. This can produce less than optimal ligand orientations or coordination 
geometries, thus reducing a metal center's reactivity.
A specifically designed ligand template composed o f bridging, chelating, and 
strongly binding electron-rich phosphines should reduce problems commonly associated 
with the fragmentation o f polymetallic complexes. Such a ligand can coordinate two 
metal centers and keep them in close proximity allowing metal-metal bond breakage and 
reformation. We have designed a binucleating tetraphosphine ligand system that 
combines bridging and chelating functionalities into a single unit. This ligand was 
synthesized3 in 1988 in these laboratories. This ligand was fully characterized by 31P 
NMR and ‘H NMR, elemental analysis, and X-ray crystallography (of transition metal 
complexes containing these ligands). This ligand exists in the two diastereomeric forms 
shown in Figure 1.
The ligand is mostly alkylated and electron-rich and can strongly coordinate to 
two transition metal centers. The ligand is synthesized via several steps, each of which 
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Figure 1. Diasteromeric Forms of the et,ph-P4 Ligand System
1.1 Hydroformylation Catalysis
Hydroformylation (also called the oxo reaction) is the catalytic chemical process 
o f converting alkenes (usually a-olefins) into aldehydes using H2 and CO, typically with 
soluble rhodium- or cobalt-based transition metal catalysts. It is the largest 
homogeneous catalytic process in the world with over 10 billion pounds o f important 
aldehydes and alcohols being produced each year4 These aldehydes are reactive 
intermediates used in a wide variety o f manufacturing processes such as the production 
o f alcohols, carboxylic acids, aldol condensation products, primary amines, detergents, 
and plasticizers. The major derivatives are alcohols synthesized by hydrogenation o f the
aldehydes using a Ni or Cu catalyst at 80 atmospheres of H2 pressure. The lower chain 
alcohols are used directly or as esters in solvent applications involving fats, oils, waxes, 
natural resins, and plastics. The C8"Cl3 alcohols are used as alcohol-esters for the 
production o f plasticizers. The alcohols o f higher chain length, principally C j2-C19, are 
normally converted to sulfate derivatives and are used as raw materials in the production 
o f detergents or textile auxiliaries.
The largest single primary product is butyraldehyde, which is produced from the 
hydroformylation o f propylene. The butyraldehyde may be hydrogenated directly to 
n-butanol or converted almost quantitatively into 2-ethylhexenal in a base-catalyzed aldol 
condensation reaction. This is followed by the Ni- or Cu-catalyzed hydrogenation o f the 
double bond and the aldehyde group of the 2-ethylhexenal to produce 2-ethylhexanol. 
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Figure 2. Generalized Scheme for Hydroformylation
Although hydroformylation is generally thought o f as a monometallic catalyzed 
process, in 1961 Heck and Breslow5 proposed that one could potentially have a 
bimetallic mechanism involving intermolecular hydride transfer in the HCo(CO)4
catalyzed cycle (Figure 3). The acyl intermediate could react with HCo(CO)4 to do an 
intermolecular hydride transfer, followed by reductive elimination of aldehyde producing 
the Co-Co bonded dimer Co2(CO)8. This dimer is well known to react with H2 under 
catalytic reaction conditions to form two equivalents o f HCo(CO)4. For many years, it 
was thought that the bimetallic cycle was the major cycle for cobalt. Recently, however, 
careful high-pressure FT-IR studies have provided strong support that the monometallic 
cycle dominates the catalysis.6 In spite of this, Bergman,7 Halpern,8 Norton,9 and 
Marko10 have all reported evidence for the existence o f intermolecular hydride transfers 
in model reactions between metal hydrides and metal acyl complexes. This was the 
primary motivation for studying the effectiveness o f the bimetallic complexes based on 
et,ph-P4 for hydroformylation activity.
The unmodified cobalt process (Figure 3) uses no ligands except H2 and CO.
The active catalytic species is HCo(CO)4, which is easily produced from the interaction 
o f the cobalt dimer, Co2(CO)8 and synthesis gas. Relatively severe conditions are 
required to stabilize this hydrido-carbonyl species. Pressures of 100-320 atmospheres of 
synthesis gas are used to keep the hydride and carbonyl ligands coordinated to the 
cobalt. A certain minimum partial pressure of CO, which is temperature dependent, is 
required to stabilize the hydrido-cobalt carbonyl species in solution. Below this, metallic 
Co can precipitate out of solution. Temperatures of around 200-250 °C are used in 
order to obtain reasonable rates. The linear to branched aldehyde selectivity is 3-4:1 and 
olefin isomerization is the most prominent undesirable side product. The general product
6
distribution obtained from this reaction is approximately 80% aldehydes, 10% alcohols, 
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Figure 3. Heck-Breslow Hydroformylation Mechanism for HCo(CO)4
It was then proposed that a ligand modified Co system might be better. One 
could add tertiary phosphines to increase catalyst stability making it less dependent upon 
CO pressure. Much lower pressures o f H2/CO gas, in the range o f 50-100 atmospheres, 
and temperatures in the 100-180 °C range are used for the phosphine-modified cobalt
technology. However, the activity is considerably lower in the phosphine-modified 
system (unmodified Co catalyst is 5 times faster at 145 °C than the modified system at 
180 °C). Another drawback to the phosphine-modified cobalt system is that it exhibits 
greater hydrogenation o f the starting alkene, thus giving rise to approximately 20% 
alkane formation. Alcohol products are preferentially produced from the hydrogenation 
of the aldehydes from the hydroformylation. A higher selectivity o f 6-8:1 linear to 
branched aldehyde products is found, with the main product now alcohol instead of 
aldehyde. Yields of the alcohol products are approximately 80%.11,12
Since rhodium is about 1000 times more active than cobalt for hydroformylation, 
as well as being more selective, phosphine modified rhodium systems came into 
prominence in the early 1970's. Rhodium requires less stringent reaction conditions:
1-25 atmospheres o f H2/CO and temperatures o f 25-120 °C. The Rh/PPh3 catalyst is 
typically more stable, far more active, and selective than the analogous cobalt catalyst. 
The mechanism of hydroformylation catalysis is relatively well understood and the core 
mechanism for the commercially used Rh/PPh3 catalyst system is shown in Figure 4.
The mechanism for the catalytic cycle starts with 7t-coordination o f the a-olefin 
to the square-planar 16-electron RhH(CO)(PPh3)2 forming an 18-electron five- 
coordinate complex. A hydride present on the metal can transfer to either carbon atom 
on the olefin to form the linear or branched metal alkyl substituent. This is believed to be 
the selectivity inducing step. After the insertion, a 16-electron complex is re-formed. In 
the next step, a CO ligand coordinates to the metal center and an acyl species is formed 
via alkyl migration to the CO. This again forms a reactive 16-electron complex that then
8
reacts with molecular hydrogen. This oxidative addition o f H2 produces a hydride in a 
cis position to the acyl in this 18-electron species and allows the reductive elimination of 
aldehyde product. Some isomerization and hydrogenation o f the 1-hexene substrate are 
still present, but the selectivity has been elevated to approximately an 11:1 linear to 
branched aldehyde ratio and alkene isomerization to approximately 4%. Aldehydes are 
selectively produced and very few unwanted side products are produced.
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Figure 4. Proposed Union Carbide Catalytic Hydroformylation Cycle
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One major drawback with this system is that it requires a large excess o f PPh3, 
with the industrial catalyst typically using a 400-2000 fold excess of PPh3 to Rh in 
solution. The excess PPh3 is needed to help stabilize the catalyst in solution and increase 
the linear to branched aldehyde selectivity. Another critical role o f excess PPh3 is to 
reduce the formation o f highly reactive 14-electron complexes that lead to fragmentation 













Figure 5. Deactivation o f Catalyst by Ligand Degradation Reactions
In the first example in Figure 5, an electrophilic rhodium metal center, either 
intra- or intermolecular, is attracted to the 7t-electrons on the phenyl ring, leading to 
cleavage of the P-Rh bond. Eventual reduction by H2 kicks off benzene and produces 
the inactive, phosphide-bridged Rh(I) dimers and clusters. In the second example in 
Figure 5, we see that phosphite ligands are also quite susceptible to these fragmentation 
reactions. In the third example, however, the good cr-donating alkyl groups on the 
phosphine increases the electron density around the rhodium. This makes the rhodium 
center less electrophilic and less reactive towards intra- or intermolecular ligand 
fragmentations. Also, it is quite a bit more difficult for a Rh center to "bite" into a 
saturated alkyl group on the phosphine. This is why Rh catalysts based on alkylated 
phosphines should not suffer from ligand fragmentation reactions.
CHAPTER 2 BIMETALLIC HYDROFORMYLATION
2.1 Introduction
We have discovered that rhodium bimetallic complexes based on the electron-rich 
binucleating tetraphosphine ligand, Et2PCH2 CH2 P(Ph)CH2P(Ph)CH2 CH2PEt2 , et,ph-P4, 
are remarkably active and selective hydroformylation catalysts. In contrast to virtually 
all other aryl phosphine or phosphine-based Rh hydroformylation catalysts, our bimetallic 
catalyst does not require any excess phosphine ligand (PPh3) in order to maintain its 
selectivity or stability. Every commercial Rh/PPh3 catalyst system needs excess 
phosphine to stabilize the catalyst, maintain high selectivities, and prevent isomerization 
of olefins. Considerable amounts of PPh3 (up to 50% PPh3 by weight in solution) are 
used for the hydrido carbonyl triphenylphosphine system commercially licensed by Union 
Carbide and the Hoechst-Celanese Corporation.
The high activity and selectivity of our et,ph-P4-based bimetallic catalyst is 
extraordinary because monometallic rhodium complexes based on electron-rich chelating 
phosphine ligands are extremely poor hydroformylation catalysts. Alkylated chelating 
phosphines are well known to deactivate rhodium centers towards hydroformylation and 
generally lower the product aldehyde selectivity. The homobimetallic rhodium system, 
[Rh2(NBD)2(et,ph-P4)](BF4)2, was prepared when two equivalents of [Rh(NBD)2](BF4) 
are added to the et,ph-P4 ligand. An ORTEP plot of the x-ray structure of 
[Rh2(NBD)2(et,ph-P4)]2+ is shown in Figure 6. The et,ph-P4 ligand bridges and chelates 
the two rhodium centers that are in a square geometry and show no metal-metal 
bonding. The metals are separated by a distance o f -5.5 A. The phenyl groups on the
11
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internal phosphorus atoms and the ethyl groups on the terminal phosphorus atoms have 













Rh - -Rh = 5.5058(6) AC1 2
Figure 6. An ORTEP Plot of the X-ray Structure of racemic- 
[Rh2(NBD)2et, ph-P 4](BF4)2
The basicity and strong coordination of our alkylated et,ph-P4 ligand to the Rh 
centers explain why we do not need to add any excess phosphine for our bimetallic et,ph- 
P4 catalyst. We believed that the active catalyst species was Rh2H2(CO)2(et,ph-P4), 
with the norbornadiene substituents replaced by H and CO ligands.
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2.2 Racemic versus Meso and Mixed Catalysts
The ligand et,ph-P4 has been prepared and separated into its meso and racemic 
diastereomers by Juma,13 in a procedure that involves complexation with Ni(NCS)2.
This procedure provides clean racemic-et,ph-P4 in approximately 60% yield. It was our 
contention based on our molecular modeling studies that racemic- 
Rh2(NBD)2H2(CO)2(et,ph-P4) should be the active catalyst species and the best for our 
hydroformylation catalysis. The results o f 1-hexene hydroformylation by the two 
diastereomeric forms of the catalyst at 90°C and 90 psig o f 1:1 H2/CO are illustrated in 
Table 1. Figure 7 is the uptake curve generated when the equivalents o f aldehyde 
produced is plotted versus time. The slope o f this curve is determined for the first 30-45 
minutes of the reaction and this is the initial turnover frequency.
Table 1. Hydroformylation with 1-Hexene in Acetone at 90°C and 90 psig H2/CO. 




















race/m'c-Rh2(nbd)2(et,ph-P4)2+ 639(6) 85(1) 27.5(8) 8(1) 3.4(3)
Rh(acac)(CO)2 
with 0.82 M PPh3 546(3) 86(3) 17(2) 2.5(4) 2.8(3)
/weso-Rh2(nbd)2(et,ph-P4)2+ 54.6(1) 16(3) 14(2) 4.1(7) 2.3(3)
mixed-Rh2(nbd)2(et,ph-P4)2+ 250(3) 80(1) 20.5(6) 9.8(2) 4.5(1)
a 1 mmol catalyst concentration after 3 hours
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Figure 7. Uptake Curves o f Racemic and Meso Catalysts Plus the Rh/PPh3 Catalyst 
(820 Fold Excess PPh3) with 1-Hexene
The initial studies were performed with the mixed version of the catalyst, but 
with Juma's separation procedure, we have performed all of our catalysis using either the 
meso or the racemic form of the catalyst. The activity o f the meso catalyst was minimal 
and only about 10-15% of the alkene converted to aldehydes over three hours. The 
racemic catalyst converted approximately 85-90% of the olefin to aldehydes with some 
isomerization (8%) and a linear to branched aldehyde selectivity of 25-28:1 over a period 





Additional evidence supporting the bimetallic mechanism comes from SYBYL 
molecular modeling studies, which help explain the difference in activity between the 
meso and the racemic catalysts. The bimetallic acyl intermediate, 6r in Figure 16, can 
readily rotate about the central CH2 bridge to form a doubly bridged intermediate 
species. The hydride bridges to the acyl-bound Rh, while the CO ligand on the acyl Rh 
can bridge to the hydrido-bound Rh (7r in Figure 8). The meso analog, 7m in Figure 8, 
however, can only form a single bridge via the hydride to the acyl-bound Rh center. The 
CO ligand in 7m is not oriented properly to bridge to the upper Rh. We believe that the 
second bridging interaction, present in the racemic complex, favors the intramolecular 
hydride transfer by stabilizing the Rh-H bond-breaking step. The donation o f % electron 
density from the bridging CO in 7r will lower the energy o f the formally three- 
coordinate, high-energy Rh center that remains after the hydride ligand is transferred to 
the acyl-bound Rh.
The second bridging interaction in 7r may play an even more important role in 
the subsequent reductive elimination step that generates a relatively high-energy Rh(-l) 
oxidation state on the one metal center. The other metal center, in a (+1) oxidation, is in 
close proximity and favors electron transfer to give two Rh(0) centers with a Rh-Rh 
bond to produce the doubly-bridged species 8r in Figure 16. Oxidative addition o f H2 to 
this reactive dimer cleaves the Rh-Rh bond and regenerates the active catalyst species,
3r. Although the two metals o f the meso catalyst can cooperate, we believe that it has to 
proceed through a higher energy pathway due to the stereochemical differences between 
the meso and the race/w/'c-et,ph-P4 ligands. This results in slower catalytic rates for the
16




Figure 8. Proposed Hydride Transfer Step in the Meso and Racemic Catalysts
The proposed intramolecular hydride transfer step is in accord with a number o f 
intermolecular hydride transfer model studies,7'10 and the cooperative effects seen in 
other bi- and polymetallic hydroformylation catalyst systems. Our studies indicate that 
our bimetallic system is only slower by just over a factor o f two (on a per rhodium basis) 
relative to the current best commercial rhodium catalyst system, Rh/PPh3. A summary 
o f  several catalytic experiments, including the use of the Rh(acac)(CO)2/PPh3 system, 
was illustrated previously in Table 1.
One aspect of this research that needs to be developed further is the preparation 
o f a fully alkylated et,ph-P4 ligand. This would increase the stability of our ligand and 
inhibit Rh-induced fragmentation that currently plagues PPh3 and phosphite-based Rh 
catalysts. To prepare alkylated et,ph-P4 ligands, we need to develop new synthetic
17
procedures since the current method of making et,ph-P4 ligand works well only for 
phenyl group substituents on the internal phosphines.14 One possible starting material to 
these alkylated phosphine ligands is P(SiMe3)3.15 The synthesis and isolation o f the 
P(SiMe3)3 as well as the reaction apparatus are discussed later in the experimental 
section.
2.3 Monometallic and Spaced Bimetallic Studies
The proposed key rate enhancing step in the bimetallic [Rh2(NBD)2et,ph- 
P4](BF4)2 (NBD = norbomadiene) catalyst system is an intramolecular hydride transfer 
that facilitates the elimination o f aldehyde product. The absence o f a Rh-Rh bond in the 
complex allows us to readily prepare monometallic model compounds that represent 
"half' o f the catalyst. These complexes would allow us to determine if the catalyst was 
functioning as a conventional monometallic catalyst or actually performing as a bimetallic 
unit. [Rh(NBD)(P2)]((BF4) catalyst precursors were prepared with the following four 
bisphosphine ligands with different electron-donating substituents: Et2PCH2CH2PEt2 
(depe), which is electron rich relative to et,ph-P4; Et2PCH2CH2P(Me)Ph (depmpe), the 
closest electronic analog to one-half o f et,ph-P4; Et2PCH2CH2PPh2 (dedppe), which is 
slightly less electron rich; and Ph2PCH2CH2PPh2 (dppe), which is moderately less 
electron rich.
The Rh(NBD)(depe)+ catalyst gave results o f 0.9% conversion o f alkene to 
aldehyde, a selectivity of 2.0:1, 16% alkene isomerization, and 5.2% hydrogenation. The 
structure o f this complex and the uptake curve generated during the catalytic study is
18
illustrated in Figure 9. The Rh(NBD)(depmpe)+ catalyst gave 1.7% conversion, a 
selectivity o f 3.0:1, 50% alkene isomerization, and 15.3% hydrogenation. The structure 
o f this complex and the uptake curve generated during the catalytic study is illustrated in 
Figure 10. The Rh(NBD)(dedppe)+ catalyst gave 1.1% conversion, a selectivity o f 3.1:1, 
42% alkene isomerization, and 14% hydrogenation. The structure o f this complex and 
the uptake curve generated during the catalytic study is illustrated in Figure 11. Finally, 
the Rh(NBD)(dppe)+ catalyst gave 1.7% conversion, a selectivity o f 2.4:1, 51% alkene 
isomerization, and 14% hydrogenation. The structure o f this complex and the uptake 
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Figure 9. Structure o f Rh(NBD)(depe)+ and Uptake Curve
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Figure 10. Structure o f Rh(NBD)(depmpe)+ and Uptake Curve
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Figure 12. Structure o f Rh(NBD)(dppe)+ and Uptake Curve
Table 2. Monometallic Catalysts with 1-Hexene in Acetone at 90°C and 90 psig H2 /CO. 




















Rh(nbd)(depe)+ 1.0(1) 0.9(2) 2.0(2) 16(1) 5.2(7)
Rh(nbd)(depmpe)+ 1.5(1) 1.7(6) 3.0(1) 50(1) 15.3(4)
Rh(nbd)(dedppe)+ 1.2(1) 1.1(1) 3.1(2) 42(3) 14.0(4)
Rh(nbd)(dppe)+ 2.4(1) 1.2(3) 2.6(6) 51(3) 14.0(3)




All four monometallic complexes are extremely poor hydroformylation catalysts. 
They show less than 2% conversion o f alkene to aldehyde product after 3 hours, low 
linear-to-branched selectivities o f  3:1 or less, and considerable amounts of undesirable 
alkene isomerization and hydrogenation. These results, which are summarized in Table 
2, indicate that our catalyst may indeed use some sort of bimetallic cooperativity to 
affect high regioselectivities and high reaction rates.
Although the extremely poor activities and selectivities o f the monometallic 
models provide one piece o f evidence supporting bimetallic cooperativity, this idea 
needed further support. It was proposed that if the two metal centers could not get near 
one another then they would not be able to cooperate and catalysis would stop. Two 
new tetraphosphine ligands have been prepared in which the central methylene bridge is 
replaced by larger spacers, one, a rigid p-xylylene spacer and the other, a more flexible
1,3-propylene spacer. These spaced tetraphosphine ligands have essentially the same 
electronic donor properties as et,ph-P4, but keep the two metals apart.
These spaced complexes are also very poor hydroformylation catalysts and the 
results are illustrated in Table 3. They show less than 2% conversion of alkene to 
aldehyde product after three hours, low linear-to-branched selectivities of 2.4:1 or less, 
and considerable amounts o f undesirable alkene isomerization (about 60%) and 
hydrogenation (about 16%). The structure of the propylene-spaced complex and the 
uptake curve generated during the catalytic study is illustrated in Figure 13. The 
structure of the xylylene-spaced complex and the uptake curve generated during the 
catalytic study is illustrated in Figure 14.
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Table 3. Spaced Catalysts with 1-Hexene in Acetone at 90°C and 90 psig H2/CO. 
Note: Three Hour Reaction Time
Initial Alkene Linear to
Catalyst turnover conversion branched Alkene Alkene
rate to aldehyde isomerization Hydrogenation
(TO/hr) aldehyde ratio (%) (%)
Rh2(nbd)2(et,ph-P4-propyl)2+ 5.8(2) 1.7(1) 2.4(1) 59(2) 16(1)
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Figure 13. Structure o f Rh2(NBD)2(et,ph-P4-propylene)2+ and Uptake Curve
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Figure 14. Structure of Rh2(NBD)2(et,ph-P4-xylylene)2+ and Uptake Curve
2.4 Bimetallic Mechanism
We believe that the activity o f our catalyst system results from bimetallic 
cooperativity between the two rhodium centers via an intramolecular hydride transfer 
from one metal center to another. The rotational flexibility o f the Rh2(et,ph-P4) system 
was studied by using the SYBYL molecular mechanics program to perform van der 
Waals (VDW) energy calculation using racm /c-Rh2H2(CO)2(et,ph-P4) as the model 
complex.16,17 The calculation showed a considerable amount of flexibility for the 
complex. The complex can adopt a closed mode configuration in which the metal 
centers can be brought close enough together for an intramolecular hydride transfer to 
take place. We proposed that the inte rmediate shown in Figure 15 could exist in the




catalytic cycle and adopt a closed-mode orientation in which the metal centers are close 




Figure 15. Proposed Intermediate from Molecular Modeling Studies.
The proposed mechanism for bimetallic hydroformylation o f alkenes is shown in 
Figure 16, using the bimetallic complex racc/w/c-[Rh2(NBD)2(et,ph-P4)](BF4)2, 2r, as 
the catalyst precursor. The first several steps in the proposed mechanism are essentially 
the same as those established for monometallic Rh/PPh3 catalysts: (i) addition of H2 and 
CO to 2r produces 3r, the proposed active catalyst; (ii) coordination of alkene to 3r 
makes 4r; (iii) alkene insertion into the Rh-H bond gives the linear (or branched) alkyl 
species 5r; and (iv) coordination o f CO, followed by migration o f the alkyl group to a 
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Figure 16. Proposed Bimetallic Hydroformylation Cycle
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In monometallic systems, the next step is addition o f H2 to produce a Rh(III) 
dihydride species that can then eliminate aldehyde product. This step, generally believed 
to be the rate-determining step,18 is typically slow with electron-rich phosphine ligands 
because Rh(I) prefers to bind another CO over H2.19 Compound 3 r avoids this potential 
problem by having a proximate second Rh-H moiety, which intramolecularly transfers a 
hydride to facilitate the aldehyde elimination (7r —> 8r).
2.5 Additional Olefin Studies
2.5.1 Series of Alpha-Olefins
The use o f 1-hexene has been discussed previously and has been used as a 
standard to check other hydroformylation catalyst systems. A series o f alpha olefins, 
which included ethylene through 1-octene, was studied using the racemic- 
[Rh2(NBD)2(et,ph-P4)](BF4)2 to ensure that their reactivities and product distributions 
parallel those observed with 1-hexene. The results are presented in Table 4.
The ethylene and propylene reactions were performed by making a 1:1:1 mixture 
o f  the olefin:H2:CO gases and adding this mixture only after the active catalyst had been 
generated during the temperature ramp with the 1:1 mixture of H2 and CO. The gas 
uptake curve was then generated and the initial turnover rates were computing allowing 
for the three moles o f gas instead of two, as in a representative liquid olefin run. The 
ethylene gave exclusively linear aldehyde products, since insertion o f the formyl group to 
either carbon o f the double bond would produce a linear product.
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Table 4. Hydroformylation with a-Olefins in Acetone at 90°C and 90 psig H2/CO. 




















Ethylene 1930 100 excl. lin - --
Propylene 1100 100 20.0 -- -
I-Butene 1060 89.9 20.1 5.18 0.96
1-Pentene 580 65.7 23.1 18.5 0.86
1-Hexene 640 85.0 27.5 8.0 3.4
1-Heptene 134 27.1 20.7 36.3 2.8
1-Octene 915 86.7 21.1 5.13 2.1
The propylene results correlated well with the results from the 1-hexene runs, 
producing a selectivity o f 20:1. Independent propylene runs were performed by Union 
Carbide Chemical Company and the selectivity was determined to be 26:1. However, 
these runs were only allowed to run for a few minutes to determine the figures. There 
was no isomerization product since the movement o f the double bond to the second 
carbon would result in an identical product. The hydrogenation product, propane, was 
difficult to determine using the GC analysis because o f its very low retention time.
The hydroformylation of 1-butene proceeded very well, with an initial turnover 
rate o f 1060 per hour and 20:1 selectivity for the linear aldehyde product, valeraldehyde. 
These experiments were performed by condensing 1-butene in a graduated Schlenk 
finger in a dry ice/acetone slurry with a temperature of -78°C. The external gas reservoir 
was wrapped in paper towels wet with acetone and cooled with liquid nitrogen so that
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the pressure inside the gas reservoir would not become too great. The mostly liquid 1- 
butene was then added to the autoclave in a similar fashion as other liquid olefins, using 
the 90 psig o f synthesis gas to force it into the reaction vessel.
The hydroformylation o f 1-pentene produced a 23:1 selectivity, but also gave a 
higher than expected isomerization o f 18.5% and only gave 65 .7% conversion of the 
olefin to the aldehyde products. Sample vials were put in an ice bath as the samples 
were being taken, as well as afterwards while the samples were prepared for gas 
chromatography analysis. The 1-hexene, 1-heptene, and 1-octene samples were taken in 
a normal fashion and the analyses were performed similarly. The only odd result here 
was for 1-heptene, which gave exceedingly high isomerization o f the olefin to the 
internal olefins. I attempted several trials o f each of two different batches o f 1-heptene, 
all giving comparable results. For the whole range o f these a-olefins, several trials on 
each o f these olefins were performed and the values found in the table are an average of 
at least three runs.
The general trend from these ot-olefin results is that the linear to branched 
aldehyde ratios tended to be greater than 20:1, the average isomerization was 
approximately 10% and the hydrogenation o f the olefin was 3% or lower. These results 
do seem to correlate well with each other and provide a good parallel with the results 
seen from 1-hexene.
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2.5.2 Other Olefin Substrates
Numerous other olefins have been studied using our unique catalyst system for a 
variety of reasons, especially to probe the reactivity o f the catalyst. One such study 
involved the use o f internal olefins to determine if the catalyst could convert internal 
olefins to the aldehyde products or at least convert the internal olefins to external or a- 
olefins and then do the catalytic hydroformylation. This did not occur, however, since 
the 2-hexene remained at a 2.5:1 split o f trans 2-hexene:cis 2-hexene and there was less 
than 1% conversion o f the olefin to the aldehyde product. I conclude from this that the 
2-hexene could not orient itself in the correct configuration for the reaction to occur nor 
could it isomerize the double bond to the external position, and thus it is not a suitable 
substrate for hydroformylation using our catalyst system.
Two substrates that contained two external double bonds, isoprene and 1,3- 
butadiene, were then tested. Neither o f these substrates hydroformylated the olefin to 
the aldehyde products. Little or no activity occurred, v/ith the 1,3-butadiene producing 
1.3% conversion of the olefin into the hydrogenation products and other side products, 
while the isoprene gave 2.6% conversion to the undesirable side products. I was hoping 
to get the 1,4-butanedial product using the 1,3-butadiene and the 3-methyl-1,6- 
hexanedial product using the isoprene, but obviously these results did not occur. One 
possible non-hydroformylation product would be the Diels-Alder or cycloaddition 
product o f butadiene reacting with itself to produce 4-vinyl-1-cyclohexene. Other 
researchers have attempted the hydroformylation o f 1,3-dienes, but with little success in 
producing the dialdehyde products. However, the reactivity of butadiene to
hydroformylation is significantly lower than for a-olefins. With rhodium-monophosphine 
catalysts, the reaction rate for butadiene is at least three orders o f magnitude slower than 
for 1-alkenes. Butadiene is indeed more reactive than 1-heptene for other reactions, but 
its rate o f hydroformylation is much slower. Monometallic rhodium catalysts with 
bidentate phosphines all lead to much higher rates, though there are considerable 
differences in selectivity. Diphosphines with two carbon atoms in the bridge show a 
remarkable selectivity to the saturated linear monoaldehyde product, valeraldehyde.
The selectivity to other products, including the dialdehyde products, is less than 20%.48b
Numerous other substrates were used in attempts to find possible 
hydroformylation substrates that could be utilized by our catalyst system, among them 
ethyl vinyl ether, butyl vinyl ether, vinyl phenyl ether, N-methyl-N-vinyl acetamide, N,N- 
dimethyl acrylamide, acryl amide, and 2,3-dihydrofiiran. None of these substrates gave 
significant hydroformylation results, but the reaction using vinyl phenyl ether as the 
substrate did show some gradual synthesis gas uptake (approximately two psig per 
hour). This reaction has not yet been analyzed for conversion to aldehyde products. 
Several possible applications were postulated for the aldehyde products of these other 
substrates, but none of these were expanded upon due to the negative results.
Very recent results have been obtained using norbornadiene, or 
bicycIo[2.2. l]hepta-2,5-diene, as a substrate for hydroformylation. The racemic- 
[Rh2(NBD)2(et,ph-P4)](BF4)2 was used as the catalyst and the reaction quickly 
proceeded to near completion, with greater than 95% of the synthesis gas uptake 
occurring in the first hour. The Gas Chromatography-Mass Spectrometry (GC/MS)
analysis was performed by Jeff Corkem at the L.S.U. Mass Spectrometry Facility in 
Choppin Hall. This analysis showed a parent mass o f 152, which is indicative o f a 
dialdehyde product, with each side of the norbomadiene ring system being 
hydroformylated. This product would be named norbornane-2,5~dicarboxaldehyde. The 
products o f the reaction were isolated by performing a vacuum distillation o f the 
resulting reaction mixture after the hydroformylation reaction was allowed to run for two 
hours. The product distilled at 77-78°C under a vacuum of 0.2 mm Hg.
The proton NMR spectrum of this product showed a very strong singlet at 9.6 
ppm, indicating equivalent aldehydes or possibly overlapping aldehyde peaks. There 
seems to be no evidence of splitting of this peak into a doublet, which I would have 
expected from the presence o f a single hydrogen atom on the adjacent carbon atom. In 
the gas chromatography analysis o f the reaction, I had trouble obtaining the product 
aldehyde peak using our lab's DB-1 column, due to its high boiling point. However, I 
was able to ascertain that the norbomadiene had been almost completed converted. The 
chromatograph showed no presence o f either o f the hydrogenation products, 
norbomylene or norbomane, or the presence o f the monoaldehyde product, 5- 
norbomene-2-carboxaldehyde. The average initial turnover frequency o f this reaction 
with norbomadiene was 3975 turnovers per hour. Compared to the hydroformylation of 
1-hexene, this is a seven fold increase o f the initial turnover frequency and the graph of 
the equivalents o f aldehyde produced versus time in minutes indicated that the 
norbomadiene was almost completely converted within approximately 50 minutes.
This hydroformylation reaction with norbomadiene was also attempted using the 
Union Carbide catalyst, Rh(CO)2(acac) with PPh3. An 820 fold excess of PPh3 (0.82 M) 
was used and the reaction proceeded even faster than the reaction using the racemic- 
[Rh2(NBD)2(et,ph-P4)](BF4)2 catalyst, with an initial turnover frequency o f 6670 
turnovers per hour. The products of the reaction were isolated by performing a vacuum 
distillation o f the resulting reaction mixture after the hydroformylation reaction was 
allowed to run for one hour. The proton NMR spectrum of this product showed a very 
strong singlet at 9.6 ppm, indicating equivalent aldehydes or possibly overlapping 
aldehyde peaks.
It was postulated that using the Rh/PPh3 system would give a mixture of 
aldehyde products, but the NMR spectrum o f the distilled product only showed a singlet. 
It is possible that the aldehyde products are being converted to only one aldehyde 
product during the distillation process and therefore the NMR spectrum would only 
show one peak in the aldehyde region. The NMR on the crude reaction mixture showed 
two peaks and a broad hump in the aldehyde region, but the NMR spectrum was 
obtained without using a deuterated solvent and the resolution seemed to be rather poor 
in the aldehyde region. Further studies need to be conducted using this substrate to 
determine the exact structure o f these aldehyde products and their significance.
2.5.3 Alternative Solvents for Hydroformylation
Several other solvents have been used for hydroformylation with the racemic- 
[Rh2(NBD)2(et,ph-P4)](BF4)2 and the racemic-Rh2(r|3-aHyl)2(et,ph-P4) catalysts. We
were concerned with the use o f acetone as the regular solvent for our catalysis, 
especially for possible industrial applications o f our catalyst system. Acetone is a polar, 
volatile liquid that has a boiling point o f 56°C and a rather high vapor pressure. The 
slightly higher boiling solvent at 78°C, ethanol, was used as a solvent in a subsequent 
reaction. The ethanol reaction produced 11% conversion to aldehyde products with a 
linear to branched aldehyde ratio o f 3.8:1. There was very low isomerization of the 
olefin and a 3% hydrogenation o f the olefin to the alkane side product.
I experimented with two pentanones as solvents for the hydroformylation of 1- 
hexene, 2-pentanone and 3-pentanone. These solvents were much less volatile and had 
much higher boiling point ranges o f 100-102°C. Neither of these solvents worked well 
with our catalyst, with the 2-pentanone producing only about 12% conversion to the 
aldehyde products, while the 3-pentanone had very little gas uptake and gave <5% 
conversion to the aldehyde products.
Acetophenone was the next solvent used for the hydroformylation reaction.
This solvent has a significantly higher boiling point of202°C and it was thought that it 
would be a much more stable solvent. The reaction progressed fairly well, with an initial 
turnover rate o f 520 TO/hr and approximately 79% conversion o f alkene to aldehyde 
products. However, the reaction produced 13.6% alkene isomerization and 5.5% of the 
hydrogenation side product. Another not so desirable element o f this reaction was that 
the linear to branched selectivity was only 17.5:1.
Texanol was the next solvent attempted for this reaction. Texanol is a very high 
boiling, stable solvent used in industrial applications. It consists of an ester group on one
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end and an alcohol group on the other end with a chemical formula o f C 1 2 H2 4 0 3. The 
formal name for Texanol is propanoic acid, 2-methyl-, monoester with 2,2,4-trimethyl-
1,3-pentanedioI. No gas uptake was observed for this solvent and we continued the 
study o f other possible solvents. Trials were performed to determine the solubility o f our 
race/ra/c-[Rh2(NBD)2(et,ph-P4)](BF4)2 catalyst in an additional high boiling solvent used 
by Union Carbide, UCON Lubricant LB-625. Unfortunately, this very thick, 
polyalkylene glycol solvent did not dissolve the catalyst and any further reaction studies 
were abandoned.
The only one o f these solvents that offered some promise with the dicationic 
catalyst was DMF, which is a solvent that has a relatively high boiling point o f 153°C. 
Numerous hydroformylation runs were performed with DMF as the solvent. Using the 
racem/c-[Rh2(NBD)2(et,ph-P4)](BF4)2 catalyst in DMF with 1-hexene, there was a 90% 
conversion of the alkene to aldehyde products with a linear to branched aldehyde ratio of 
19:1. Lower isomerization and hydrogenation side products were observed, with values 
of 3% and -1% , respectively, and a slightly faster initial turnover rate o f 650 turnovers 
per hour was also observed when compared to the hydroformylation run in acetone.
The most noticeable problems encountered were that the catalyst precursor 
racem/c-[Rh2(NBD)2(et,ph-P4)](BF4)2 was only moderately soluble in the DMF and 
that the linear to branched aldehyde selectivity was 19:1, which is somewhat lower 
compared to acetone. Furthermore, utilizing DMF as the solvent did not work as well 
with the neutral amine base studies as it did with acetone. These base studies with our 
catalyst system will be discussed in detail in Chapter 3. By virtue o f the solubility o f the
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catalyst in the reaction solution and the overall reactivity o f our catalyst systems using 
the various olefin substrates, we have continued with acetone as our primary solvent in 
the hydroformylation reaction.
2.5.4 Effects of Chloride on the Catalytic Solution
It was thought during a long lapse in the ability o f our catalyst to do adequate 
hydroformylation that somehow CP was poisoning our catalyst. In the initial preparation 
o f our catalyst, RhCl3 was used as one of the starting materials and it was believed that if 
the CP was not sufficiently removed from the product during the synthesis o f this 
rhodium starting material, that it could poison our catalyst. However, it was found that 
the catalyst is not particularly sensitive to CP poisoning. One reaction involved the 
addition o f NH4C1 and others involved the addition o f HC1 to the catalytic solution. The 
addition of a 10 molar percent solution (to the catalyst concentration) of NH4C1 did not 
show a noticeable effect in the results from the hydroformylation run. This result could 
be misleading because if one adds 10 molar percent, it could be only killing off 5% of the 
bimetallic catalyst and we may not be able to detect a significant reduction in the 
hydroformylation rate. The addition of 1 and 5 equivalents of HC1 precipitated out the 
catalyst, however, effectively killing it. A dark, black, cloudy solution resulted when the 
reaction vessel was opened after the reaction, which is quite different from the reddish- 
orange solution we normally see after a catalytic reaction. We are not exactly sure what 
caused the resulting solution to have such an appearance and consistency.
CHAPTER 3 ACID PROBLEM AND BASE EFFECT STUDY
3.1 Introduction
In our collaboration with industrial scientists, it was determined that the 
isomerization and hydrogenation side products of the hydroformylation reaction using 
the racemic catalyst were disappointingly high. Numerous studies were performed to try 
to minimize these problems. When the catalyst precursor, racew/c-[Rh2(NBD)2et,ph- 
P4]2BF4, reacts with H2/CO to generate what we believed to the active catalyst species, 
Rh2H2(CO)2et,ph-P4, two equivalents of HBF4 would be generated:
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Figure 17. Schematic Illustrating the Generation of HBF4 During Catalysis
This potential problem with acid generation has long been a concern in this 
project. The H+, if produced, could catalytically interfere with hydroformylation by 
short-circuiting the various steps in the catalysis. One might expect that the increased 
olefin isomerization and hydrogenation reactions were caused by the acid present in the 
solution, and not by our catalyst. Evidence for this appeared to come from the following 
experiment. The addition of 2-4 equivalents of HBF4 to the racemic catalyst reaction 
solution for hydroformylation of 1-hexene increases the isomerization and hydrogenation 
side reactions to 12 and 6%, respectively, and the linear to branched aldehyde ratio is
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lowered to 21:1. In marked contrast, the addition of 2 equivalents of a neutral base such 
as NEt3 or DABCO, triethylenediamine, causes the isomerization side products to 
decline to approximately 2% and the hydrogenation side products to decrease to less 
than 1%. This addition o f base also increases the linear to branched selectivity to greater 
than 28:1.
The negative effect o f this base addition is that the rate of the hydroformylation 
reaction slows down considerably. Our first thought was that the decrease in reaction 
rate was caused by coordination of the base to the rhodium centers, blocking the access 
o f alkene substrates to the lone axial binding site on the rhodium. This correlated with 
our belief that the initial coordination o f olefin to the Rh center was the rate determining 
step in our bimetallic mechanism. Figure 18 shows a proposed mechanism for the acid- 
catalyzed olefin hydrogenation side reaction, using a simple monometallic Rh-phosphine 
complex as an example.
The results o f a series o f amine bases with different steric bulk and basicities, 
however, clearly demonstrate that the decrease in reaction rate has no correlation with 
steric factors o f the added bases. Several catalytic runs were performed on each base 
and the results are an average o f at least three trials. Two o f these bases, DABCO and 
NEt3, gave the best combination o f high selectivity to the linear aldehyde and a good 
reaction rate. We have studied over 20 different bases, but only those for which we 
could obtain reliable pKb values are listed in the table. The results of our study on these 
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Figure 18. Proposed Acid-Catalyzed Olefin Hydrogenation Side Reaction
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Table 5. Results of the Study of the Effect of Various Neutral Nitrogen Bases on 
the Hydroformylation o f 1-Hexene 
























No base — 636 28 8.0 3.0 90% 3
NEt2Ph 3 560 29 4.5 1.6 91% 3
n h 3 4.7 315 25 3.7 0.8 81% 4
NEt3 3.3 215 30 1.6 0.4 80% 4
DABCO 3.3 200 28 1.5 0.8 85% 4
NH(ipr)2 2.9 165 24 0.8 0.5 79% 5
Proton
sponge
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Figure 19. Graph o f Turnover Frequency Versus pKb o f Added Base
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Hydroformylation of 1-Hexene, 90 psig/90°C
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From the graph of turnover frequency versus pKb of the bases used (Figure 19), 
we were able to determine that there was a strong relationship between the base strength 
and turnover rate. Stronger bases cause a dramatic slowing of the initial reaction rate, 
but also reduce the catalytic side reactions to low levels. There is, however, a 
corresponding loss in the linear to branched aldehyde regioselectivity as one goes to the 
strongest bases. The strongest base, proton sponge, gave the lowest turnover frequency, 
while the weakest of the bases in the table, NPhEt2, has the highest turnover frequency. 
There is, however, no correlation between the cone angle (steric bulk) o f the base and 
the initial turnover frequency. This strongly indicates that the base in not coordinating to 
the Rh centers. One conclusion, therefore, is that the catalyst is slowing down as one 
adds stronger bases because any H+ present may be acting as a co-catalyst in the 
reaction.
3.2 Neutral Rh2(ri3-aUyl)2(et,ph-P4) Catalyst Species
A neutral catalyst precursor, race/w/'c-Rh2(ri3-allyl)2(et,ph-P4), 4r, was prepared 
in order to study what would happen with a catalyst precursor that could not generate 
acid under hydroformylation conditions. 4 r is prepared from the reaction o f 20 
equivalents o f allylMgCl with 1 equivalent o f race/w/c-[Rh2(nbd)2(et,ph-P4)]2BF4, 2r.20 
The reaction is essentially quantitative, with isolated yields o f yellow 4r typically around 
90-95%, although the work-up procedure is quite tedious. We do not understand why 
such a large excess o f allylMgCl is needed in this reaction, but reactions with smaller 
amounts o f allylMgCl give much lower yields of 4r.
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3.3 Catalyst Structure and Bond Distances
A single-crystal X-ray structure21 of 4r confirmed the anticipated open-mode 
bimetallic structure (Figure 20), similar to that seen for other open-mode bimetallic 
complexes of et,ph-P4.22,23 There is a 2-fold symmetry axis passing through the central 
methylene bridge carbon Cl. Ethyl groups on the external phosphorus atoms (P2) and 
the phenyl groups on the internal phosphorus atoms (PI) have been omitted for clarity.





Figure 20. ORTEP Plot of mc'c/??/6,-Rh2(r|3-allyl)2(et,ph-P4), 4r.
Selected bond distances and angles for 4r are listed in Table 6. The only unusual 
feature of the structure is that there was a disorder problem with C2A of the allyl ligand.
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This causes the unusually large difference in the allyl C l A-C2A and C2A-C3 A bond 
distances, which should be approximately the same. Primed atoms are related by the 
crystallographically-imposed 2-fold rotation axis that passes through the central 
methylene group C l. The numbers in parentheses are deviations in the least significant 
figure.
Table 6. Selected Bond Distances (A) and Angles (deg) for 4r
Atoms Distances (A) Atoms Angles (deg)
Rh-Rh 5.57131(3) Pl-Rh-P2 85.30(3)
Rh-Pl 2.2068(7) Pl-Rh-CIA 171.4(1)
Rh-P2 2.2206(7) Pl-Rh-C2A 137.3(2)
Rh-CIA 2.200(4) Pl-Rh-C3A 103.5(1)
Rh-C2A 2.159(6) P2-Rh-C1A 102.7(1)
Rh-C3A 2.195(4) P2-Rh-C2A 133.7(1)
P l-C l 1.837(2) P2-Rh-C3A 171.0(1)
C1A-C2A 1.375(7) C1A-Rh-C3A 68.4(1)
C2A-C3A 1.453(7) Rh-Pl-Cl 120.49(4)
P1-C1-P1’ 116.6(2)
C1A-C2A-C3A 121.8(5)
3.4 Hydroformylation Reactions of Rh2(t]3-allyl)2(et,ph-P4)
When the Rh2(n3-allyl)2(et,ph-P4) complex was added to the autoclave for a 
normal hydroformylation run with 1-hexene, very little hydroformylation was observed 
and the olefin substrate was not readily converted to the desired aldehyde products. The 
initial turnover frequency was only 35 turnovers per hour with a very low linear to 
branched aldehyde ratio o f 2.4:1.
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Various solvents were tested to determine the solubility o f the 
Rh2(r|3-allyl)2(et,ph-P4) catalyst and to possibly get to a solvent system that was higher 
boiling and more stable than acetone. Toluene, tetrahydrofuran (THF), and N,M- 
dimethylformamide (DMF) were used as solvents for the hydroformylation reaction. 
These reactions did not work well at all, showing no hydroformylation of the olefins and 
exhibiting no synthesis gas uptake. As a side note, there does seem to be a minor 
dependence on the polarity o f the solvent for our catalyst system. It was postulated that 
the solvent may not have as great o f an effect, but that the acid generated from the 
catalyst could be involved in the catalysis.
To further test the hypothesis about the involvement o f acid, the catalyst 
precursor was pre-treated with 2 equivalents of HBF4 before starting the catalytic 
reaction. We obtained very similar results compared to the race/w'c-[Rh2(NBD)2(et,ph- 
P4)](BF4)2 catalyst, 2r, with an 80% conversion to aldehyde products after 3 hours, a 
26:1 linear to branched aldehyde ratio, and about 8-10% alkene isomerization.
The possibility that the allyl ligand was binding to the rhodium centers too 
strongly and inhibiting the reaction of 4r with H2/CO was checked by initially 
pressurizing the autoclaves with H2. The addition of 1-hexene to the autoclaves at this 
point initiates hydrogenation catalysis, indicating that we have indeed hydrogenated off 
the allyl ligand. The subsequent addition of CO, however, halts hydrogenation and starts 
very slow hydroformylation catalysis.
The addition o f 10 equivalents o f HBF4 to 4 r increases the alkene isomerization 
and hydrogenation side reactions to considerably higher levels (21% combined) and
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causes a corresponding 20% decrease in the initial turnover rate and a reduction in 
product regioselectivity to 15:1 linear to branched aldehyde ratio. In contrast, the 
addition o f 1.0 or 1.5 equivalents of HBF4 to 4 r generates a very selective catalyst that 
has a 25-28:1 linear to branched aldehyde ratio. The alkene isomerization and 
hydrogenation side reactions as well as the initial turnover rate are 60-85% of that 
observed in 2r.
3.5 Possibilities of Acid Participation as a Cocatalyst
Initially, we believed that there were three possible ways that the acid could 
participate as a co-catalyst in the hydroformylation cycle:
1) A proton could be needed to interact with the metal center and the acyl group 
to favor the intramolecular hydride transfer leading to aldehyde formation. In Figure 21, 
the proton could interact with the Rh center and/or the oxygen of the acyl group creating 
a larger partial positive charge on the metal.
Figure 21. Interaction o f the Proton with Rh Center and Acyl Oxygen
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The electronic environment surrounding the Rh center would be changed and the 
increased electrostatic attraction with the partial negative charge o f the hydride ligand 
would favor rotation about the central methylene bridge to form the doubly bridging 
intermediate illustrated below. This leads to the previously proposed intramolecular 
hydride transfer.
2) A Lewis acid can be used to help promote the dissociation o f a CO ligand to 
open up a binding site on the metal for the incoming alkene. We believe that the steric 
effects due to the et,ph-P4 ligand act together with the Lewis acid. As the alkene 
coordinates to one o f the Rh centers, the other ligands will bend away in an effort to 
form a five-coordinate species, which would be the least sterically crowded. The et,ph- 
P4 ligand and the bimetallic face-to-face nature o f the catalyst, however, minimizes the 
ability o f the catalyst to rehybridize to a 5 coordinate geometry about the Rh centers.
This directs the alkene insertion into the M-H bond to form a linear alkyl, which goes on 
to form the linear aldehyde. A small Lewis acid (a proton) can interact with the two Rh 








Figure 22. Lewis Acid Promoting the Dissociation of a CO Ligand
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The withdrawal o f electron density from the metal centers could favor 
dissociation o f an axial CO ligand, opening up a coordination site for the alkene to bind 
to one o f the Rh centers.
3) Two alkenes are adding to the catalyst to generate a catalytically inactive 
Rh2(acyl)2(CO)4(et,ph-P4) species. Acid could reactivate the catalyst by protonating off 
the acyl group, generating an aldehyde and opening up a coordination site on the 
complex. The addition o f hydrogen followed by the elimination o f a proton to 
regenerate the active catalytic species is shown in Figure 23. This would bring one back 
into the catalytic cycle.
Figure 23. Regeneration o f the Active Catalytic Species Via Protonation o f Acyl Group
CHAPTER 4 IN  SITU  FT-IR AND MECHANISTIC STUDIES
4.1 In Situ FT-IR Studies of Rh2(ii3-aIIyl)2(et,ph-P4), 4r
In situ FT-IR studies on the reaction of 4r with CO using a Spectratech Circle 
Reaction Cell (CRC) (Figure 69, Appendix 3) showed that 4r cleanly reacts with two 
equivalents of CO to produce race/wc-Rh2(r|3-allyl)2(CO)2(et,ph-P4), 5r, which has a 
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Figure 24. FT-IR Spectra of the Neutral Allyl Complex with CO
48
With excess CO, the bis-acyl race/w'c-Rh2(COC3H5)2(CO)4(et,ph-P4), 6r, is the 
only product initially formed, presumably going through an V-allyl intermediate 
followed by CO insertion to produce the unsaturated acyls. We believe that the intensity 
difference between the two carbonyl bands at 1982 and 1936 cm"1 indicates a square 
pyramidal coordination geometry about each rhodium with one equatorial and one more 
weakly bound axial carbonyl ligand. The weaker IR bands at 1648 and 1623 cm'1 are 
probably due to the acyl C=0 group. Rhodium acyls usually have vCo ’s at fairly low 
energies, typically between 1600 and 1660 cm'1, and these bands are less intense than 
metal carbonyl bands.24 Wilkinson reported,25 for example, that 
Rh(COEt)(CO)2(PPh3 ) 2  had a solution acyl carbonyl IR band at 1650 cm'1, with a 
shoulder at 1643 cm'1. He attributed the second shoulder band to rotational isomerism 
of the acyl group. The larger 25 cm'1 separation between the two peaks for 6r is most 
likely due to the same type o f rotational isomerism, but with the more asymmetric nature 
o f our bimetallic complex further accentuating the differences in the acyl stretching 
frequencies. There is also the possibility that one o f these two bands is due to the C=C 
bond of the unsaturated acyl. We do not favor this explanation, however, because the 
C=C IR band should be sharper and not as intense as an acyl C =0 band.
Complex 6r is relatively stable since it does not easily dissociate CO in solution, 
although it does eventually lose CO’s to reform 5r when solvent is removed in vacuo 
and the solid residue evacuated for more than 30 minutes. 6r is, however, readily 
protonated with two equivalents o f HBF4 to produce race/w/c-Rh2(CO)4(et,ph-P4)2+, 7r, 
and two equivalents of unsaturated aldehyde. The overall sequence of steps is shown in 
Figure 25.
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Figure 25. Overall Scheme for the Neutral Allyl Plus CO
7r has been prepared and isolated by several different routes (see experimental 
section). The vc0 IR bands observed for 7r (2058 and 2006 cm'1) compare well to other 
known Rh(CQ)2(P2)+ (P2  = chelating phosphine) complexes (e.g., Rh(CO)2(dppe)+ has 
vco  = 2100 and 2055 cm*1, while the more strongly donating cylcohexyl substituted 
diphosphine complex Rh(CO)2(dcype)+ has vco : 2085 and 2035 cm'1).26 27 The 31P 
NMR of 7r is also consistent with the proposed symmetrical structure (see Section 
7.8.5).
The next in situ FT-IR experiment that we studied was the reaction o f 6 r with 
H2/CO. Figure 26a shows the in situ FT-IR spectra of 6r under CO, while Figure 26b 
shows the change that occurred 10 minutes after the CO was replaced with 90 psig of 
H2/CO. The rhodium acyl C =0 stretches for 6r at 1623 and 1648 cm'1 have been 
replaced by new bands at 1697 and 1733 cm'1 representing the elimination of the 
conjugated and unconjugated unsaturated aldehyde products. There is also a small,
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Figure 26. In Situ CRC FT-IR Spectra in Acetone at 90°C
In the carbonyl region, there are now four terminal stretches, compared to only 
two in the bis(acyl) complex, along with a bridging CO band at 1794 cm'1. Although we
have not fully characterized these species, it is reasonable to propose that the stretches at 
1970 and 1929 cm'1 are due to Rh2H2(CO)4(et,ph-P4), 8r, which should have a very 
similar IR spectrum to the bis(acyl) species 6r. We believe the other complex with CO 
bands at 1951, 1895 and 1794 cm'1 is the Rh(0) dimer Rh2(p-CO)(CO)4(et,ph-P4), 9r, 
which is in equilibrium with 8r. This relationship is illustrated in Figure 27. We have 
also performed these FT-IR studies with D2/CO and observed only very small shifts 
(2 cm'1) in the bands associated with 8r, indicating that all bands we are observing are 
due to carbonyl ligands and none are due to Rh-hydrides.
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Figure 27. Equilibrium Between Two Tetracarbonyl Species
The existence of H2 loss/addition equilibria, such as that proposed for 8r and 9r, 
is certainly consistent with previous studies o f Rh(I) hydrido carbonyl species.28 
Wilkinson observed early on that solutions o f HRh(CO)2(PPh3)2 eliminate H2 to readily 
form the Rh(0) dimer Rh2(p-CO)2(CO)2(PPh3)4.29 The dimer is also readily cleaved 
apart by reaction with H2 to reform 2 equivalents of Rh-H monomer. James and 
coworkers have reported a similar type of CO-induced ± H2 equilibrium between 
HRh(P2)2 and Rh2(p-CO)2(CO)2(P2)2 (P2 = dppe, dppp, diop).30 Our proposed
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structure for 9r, however, is different in that there is only a single bridging carbonyl and 
no formal Rh-Rh bond. This is more closely related to the A-frame rhodium dimer 
Rh2(p-CO)(CO)2(dppm)2 prepared by Kubiak and Eisenberg.31 Our more electron-rich 
dimer, however, picks up two additional carbonyl ligands under CO pressure.
Addition o f 50 (Figure 26c), and then 150 more equivalents (Figure 26d) o f 1- 
hexene to the mixture o f 8r and 9 r causes little if any change in the carbonyl region of 
the IR spectrum. The spectrum continued to remain essentially the same even after 
about 100 equivalents o f aldehyde were produced after 17 hours. This indicates that the 
dissociation of CO from 8r to open up a coordination site on one o f the Rh centers may 
well be the rate determining step in the catalytic cycle. The bis(acyl) complex 6r is, 
therefore, able to slowly react with H2 under hydroformylation conditions to eliminate 
aldehydes, although the rate is rather slow (equivalent to -6-10 TO/hr). Interestingly, 
we observe that the non-conjugated aldehyde product, CH2=CHCH2CHQ, is 
subsequently hydroformylated to produce the dialdehyde product 
OHCCH2CH2CH2CHO (glutaraldehyde).
4.2 Structure of Rh2(CO)3(|i-CO)(T]3,T|1-et,ph-P4)
The neutral complex, Rh2(CO)3(p-CO)(r|3,r) ‘-et,ph-P4), was derived from the 
neutral bis allyl complex, Rh2(n3-allyl)2(et,ph-P4), 4r. This complex was developed 
unintentionally in an NMR tube. The neutral bis allyl complex was placed in the NMR 
tube with solvent and CO was bubbled through the tube for one hour. A yellow 
crystalline compound remained at the bottom of the tube, which was suspected to be the
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bis acyl complex. Instead, the Rh2(CO)3(p-CO)(r]3,ri1-et,ph-P4) complex was the solid 
remaining in the tube. This complex was also generated in the autoclave, using the 
neutral allyl catalyst with 60 psig o f H2/CO and allowing it to stir for one hour.
An QRTEP plot o f the Rh2(CO)3(p-CO)(r]3,V-et,ph-P4) species is shown in 
Figure 28. Selected bond distances and angles for this unsymmetrical dimer are listed in 
Table 7.
Figure 28. ORTEP Plot o f Rh2(CO)3(p-CO)(Ti3,V-et,ph-P4)
Note: The phenyl groups on the central phosphines (PI and P3) and 
ethyl groups on the terminal phosphines (P2 and P4) have been 
omitted for clarity.
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Table 7. Selected Bond Distances (A) and Angles (deg) of Unsymmetric Dimer
Atoms Distances (A) Atoms Angles (deg)
Rh 1 -Rh2 
R hl-P l 
Rhl-P2 
Rhl-P4 










































This species can be considered as having zwitterionic character, with the rhodium 
coordinated to three phosphorus atoms having a formal (+1) charge and the second 
rhodium, with only one phosphorus attached, having a formal (-1) charge. The resulting 
ionic attraction combined with the semi-bridging carbonyl brings the rhodium atoms 
relatively close to each other. We believe that the sterically unhindered Rh(-l) center 
would probably be the active site o f the complex, acting as a poor monometallic 
hydroformylation catalyst.
This may well explain why the Rh2(ri3-allyl)2(et,ph-P4) catalyst gave poor 
hydroformylation catalysis when placed under hydroformylation conditions until the acid 
was added to the reaction solution. When the complex is protonated by the two 
equivalents o f HBF4, it produces the solvated dicationic species, which can further react 
with CO/H2 to produce a dicationic hydridocarbonyl species. This species is the catalyst 
precursor in the proposed bimetallic hydroformylation mechanism for dicationic 
complexes.
This complex may also help explain why the Rh2(’q3-allyl)2(et,ph-P4) catalyst 
precursor had such low regioselectivity for the hydroformylation o f 1-hexene. As shown 
by our FT-IR studies, complex 4r reacts with H2/CO to form a dicarbonyl species with 
the rf-allyl still attached. This rapidly is transformed to a bis acyl species, presumably 
going through an ri3- to rj1-allyl transition and subsequent alkyl migration to a CO ligand 
to make the bis acyl species. It is postulated that the initial allyl complex may accept the 
oxidative addition of H2 along the pathway to the bis acyl species and form a dihydride 
species. The allyl ligand could go through an r |3- to r| ‘-allyl transition and reductively 
eliminate propene. The hydrides would therefore be lost and the empty coordination 
sites could then be filled with CO's.
We believe that the above mentioned bis acyl species reductively eliminates 
aldehyde and a neutral bimetallic tetracarbonyl complex is formed that has two terminal 
CO's on each rhodium center and a single CO bridge. This CO-bridged dimer is in 
equilibrium with the Rh2(CO)3(|i-CO)(ri3,T|1-et,ph-P4) species, which is the 
thermodynamically favored species under ambient conditions.
4.3 In Situ FT-IR Studies of Rh2(NBD)2(et,ph-P4)2+, 2r
The IR spectrum of 2r under H2/CO (Figure 26e), which is a very active catalyst
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system, reveals a striking difference in the relative positions o f the carbonyl bands 
compared to that seen for 8r and 9r (Figures 26b-d). The bimetallic complexes 
generated from the reaction of 2 r with H2/CO have metal carbonyl IR bands shifted 
almost 100 cm'1 higher in energy relative to 8r and 9r. We believe that this spectrum is
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an equilibrium mixture o f the dicationic complexes Rh2(CO)6(et,ph-P4)2+, lOr, and 
Rh2(p-H)(p-CO)(H)(CO)3(et,ph-P4)2+, Hr, that has bridging carbonyl and hydride 
ligands.
Et,P. pEtlT I 2+ c  H 12 +
„r^Rh /  (̂ RhC"C E'/̂ R.ĥ 5 RhC.Ĉ .
° C J  V c „  ^ -----------  < * T  I H  I ^Et2
’s $ >
c y — v V c» ^ ------  ° H  I " I
° Ph Ph O 2 V "  " p̂Ph
Figure 29. Hexacarbonyl and Hydrido Carbonyl Dicationic Complexes
Evidence for these assignments comes from Figure 30, which shows the reaction 
o f racemic-Rh2(CO)4(et,ph-P4)2+, 7r, with CO to produce lOr. The addition o f one 
additional carbonyl ligand to each rhodium center in the conversion of 7r —» lOr causes 
the expected shift to higher energies (by 37 cm'1) for the new carbonyl bands. Studies 
with different CO pressures indicate that lOr is stable under about 45 psig o f CO -- 
lower CO pressures result in CO loss and a shift back to 7r. Thus, there is a very facile 
CO-pressure dependent equilibrium between 7r and lOr.
The only other reported cationic rhodium tricarbonyl complex with a chelating 
bisphosphine ligand that forms a 5-membered chelate ring is Rh(CO)3(dppe)+ by Venanzi 
and coworkers.33 They noted solid-state vco IR bands at 2088, 2041 and 2010 cm'1 and 
a 31P NMR (acetone-d6) resonance at 60.0 ppm (6, JRh.P =121 Hz). This does not 
compare well, however, with the previously discussed Rh(CO)2(dppe)+ complex,26b 
which has vco = 2100 and 2055 cm'1. One would expect that Rh(CO)3(dppe)+ should
have carbonyl IR bands that are at higher energy than the analogous dicarbonyl complex. 
Furthermore, both Rigo27b and we observe that Rh(CO)3(P2)+ complexes are quite labile 
(even with our more electron-rich ligand) readily losing CO under ambient conditions. 
We believe that Venanzi’s Rh(CO)3(dppe)+ complex is actually a dicarbonyl complex in 
solution as evidenced from a comparison of the 31P NMR data: Rh(CO)3(dppe)+ 
(acetone-d6, 60.0 ppm, 8, Jj^.p = 121 Hz);27b Rh(CO)2(dppe)+ (CH3N 0 2, 65.6 ppm, 5, 
jRh-P = 121 H z)26b Stable Ir(CO)3(P2)+ complexes are known and there is a -15 cm'1 
shift to higher carbonyl frequencies on adding the third carbonyl27b
When lOr is placed under 90 psig o f H2/CO Figure 30c is obtained. The bridging 
CO band at 1832 cm'1 is now seen in the mono-carbonyl and mono-hydride bridged 
intermediate complex shown in 30c (see Figure 26e). D2/CO studies have demonstrated 
that all IR peaks in the 2200-1700 cm'1 region are primarily due to carbonyls. Once 
again, we believe that this spectrum represents a mixture o f lOr and the 
carbonyl/hydride-bridged species, Rh2(p.-CO)(p-H)(CO)3(et,ph-P4)2+, H r.
The new IR bands formed in Figure 30c (2076, 2038, 2000 and 1832 cm'1) are 
shifted to somewhat lower energies compared to lOr. This indicates a slight increase in 
electron density on the rhodium centers, which leads to increased 7t-backbonding to the 
carbonyl ligands. We believe, therefore, that this ER data best fits the dicationic complex 
race/w/'c-Rh2(p-H)(p-CO)(H)(CO)3(et,ph-P4)2+, H r. The average positions o f the three 
terminal carbonyl bands for H r  match up well with the average IR position o f the two 
carbonyl bands in race/w/c-Rh2(CO)4(et,ph-P4)2+, 7r. The carbonyl bands in H r  are 
spread out more indicating a more chemically diverse coordination environment about 
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Figure 30. FT-IR Spectra o f Rh2(CO)4(et,ph-P4)2+ Complex
Although the formal oxidative addition of H2 to a Rh(I) center to produce a 
Rh(III) dihydride would normally lead to a net decrease in the electron density on the 
metal center (and subsequent increase in the vco stretching frequency), the overall 
dicationic charge on the bimetallic complex, the presence o f electron-withdrawing 
carbonyl ligands, and the results o f the base addition studies discussed earlier, leads one
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to consider the hydride ligands as being somewhat protic. Thus the overall addition of 
some electron density from H2 to the metal coupled with the loss of two carbonyl ligands 
would lead one to expect the observed shift to lower CO stretching frequencies.
Only a single carbonyl bridge for H r  is proposed because of the shape o f the 
bridging CO band at 1832 cm'1. Although it is not clear in the IR spectra shown in 
Figure 30c, there is a slight splitting o f this band. If two bridging carbonyl ligands were 
present, one might expect two more widely-separated bridging peaks based on the IR 
spectra o f other M2(p-CO)2 dimers. Rather, we favor a single bridging carbonyl with 
the slight splitting o f the band caused by the presence o f different isomeric forms o f l l r  
(i.e., the terminal hydride ligand can be cis or tram  to the internal phosphorus atoms of 
the et,ph-P4 ligand).
Cationic rhodium dimers with bridging hydride and carbonyl ligands are known. 
Perhaps the most relevant example comes from the work of Kubiak and Eisenberg who 
protonated the neutral Rh(0) A-frame dimer Rh2(p-CO)(CQ)2(dppm)2 to make [Rh2(p- 
CO)(n-H)(CO)2(dppm)2]+.31 l l r  can be viewed as two different electronic isomers.
One electron-counting method formally assigns both hydride ligands to the rhodium with 
the terminal hydride, giving a cationic Rh(III) center with a 16e~ count. The other 
rhodium would then be considered a cationic Rh(I) with an 18e“ count. Using this 
electron-counting scheme one can also propose a dative Rh(I) —> Rh(III) bond, raising 
the formal electron count on the Rh(III) center to 18e~. The other electron counting 
scheme is to formally associate the bridging hydride with the second rhodium center 
giving two Rh(II) atoms with a formal covalent Rh-Rh bond and 18e_ counts.
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An edge-bridging bioctahedral structure, however, is quite unusual for a Rh(II) 
dimer, although Cotton has reported several examples o f Rh(II) A-frame type dimers 
that have M2L8 and M2L9 cores with one or two bridging ligands that represent “pre­
edge-sharing bioctahedral” structures (e.g., Rh2(|x-Cl)Cl3(CO)(dppm)2, Rh2(|i-CO)(|i- 
Cl)Cl2(MeOH)+, and Rh2(p.-CO)(|i-Cl)Cl2+).34 We slightly favor the somewhat less 
unusual Rh(I)/Rh(III) mixed oxidation-state dimer nomenclature. There is, of course, 
the possibility that either o f these forms is in equilibrium with a more traditional non­
ligand bridged Rh(II) dimer, racem/c-Rh2H2(CO)4(et,ph-P4)2+, llr* .
Figure 31. Equilibrium between Bridged and Non-Ligand Bridged Complexes
Figure 30c is identical to the IR spectrum seen for the reaction o f racemic- 
Rh2(NBD)2(et,ph-P4)2+ (2r) with H2/CO (Figure 26e), and to the IR spectrum pr oduced 
when race/w/'c-Rh2(allyl)2(et,ph-P4) (4r) is reacted with 2 equivalents o f HBF4 and 
placed under 90 psig o f H2/CO. The addition of 200 equivalents of 1-hexene to the 
solutions o f lOr and H r  shown in Figures 26e or 30c initiates active and regioselective 
hydroformylation catalysis, but causes no change in the pattern or intensity o f the 
carbonyl bands, aside from the presence o f a new C=C band for 1-hexene (which quickly 
disappears as hydroformylation proceeds) and the co-appearance of a product aldehyde
O
C H
OC— Rh——  Rh — n o
l lr llr*
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C=Q band.35 This again indicates that the rate determining step in the bimetallic 
hydroformylation o f 1-hexene may be the dissociation o f CO from l l r  to open up an 
axial coordination site on one o f the rhodium centers.
4.4 In Situ FT-IR Studies of Monocationic Complexes
Figure 32 shows a comparison o f the CRC FT-IR spectra of: a) neutral racemic- 
Rh2(aIIyl)2(et,ph-P4), 4r; b) 4r with 1 equivalent ofHBF4 added; c) a 1:1 mixture o f 4r 
and dicationic rac£/w/c-Rh2(NBD)2(et,ph-P4)2+, 2r; d) dicationic 2r, with 2 equivalents 
o f NEt3 added; and e) dicationic 2r, all under 90 psig H2/CO at 90°C (our hydro­
formylation reaction conditions). Figures 32b and 32c demonstrate that the addition of 1 
equivalent o f acid to the mixture o f the neutral bimetallic complexes 8r and 9r (formed 
from 4r under H2/CO) or 2 equivalents of NEt3 to dicationic l l r  (formed from 2r under 
H2/CO) causes a shifting o f the carbonyl IR bands to an average position that is almost 
exactly intermediate between that seen for the neutral and dicationic bimetallic species.
A 1:1 mixture o f neutral 4r and dicationic 2r also produces a set o f carbonyl bands 
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Figure 32. FT-IR Spectra o f Progression from Neutral Complex to Dicationic Complex
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We believe that spectra 32b-d correspond to the generation o f at least two 
different monocationic bimetallic complexes. One species has a bridging carbonyl at 
1797 cm'1 while the other does not. Spectra 32b-d illustrate a shifting o f the 
composition from almost exclusively the non-carbonyl bridged bimetallic complex to one 
that is mostly the bridged complex. We propose that these two species are the closed- 
and open-mode monocationic bimetallic isomers race/w/c-Rh2(|i-FI)(|i-CO)(CO)4 (et,ph- 
P4)+, 12r, and race/M/c-Rh2(H)(CO)5(et,ph-P4)+, 13r, which are in equilibrium with one 
another. 12r and 13r are illustrated in Figure 33. Although we are adding two 
equivalents o f NEt3, we believe that only a single proton is being removed from l l r .  If 
l l r  was fully deprotonated by the NEt3 base, we would make a neutral catalyst system 
that would have an IR spectrum resembling that generated from 4r (Figure 32a).
Figure 33. Closed and Open Mode Monocationic Isomers
The relatively sharp bridging carbonyl band of 12r fits well with a bimetallic 
complex with only a single bridging carbonyl and a high symmetry structure that does 
not have different isomeric possibilities (like l l r ) .  A symmetry analysis o f the proposed 
structure leads one to expect four terminal carbonyl bands, which fits the experimental 
spectrum. Unlike l l r ,  which is either a mixed Rh(I)/Rh(III) or Rh(II) bimetallic
12r 13r
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dicationic complex, 12r is a Rh(I) bimetallic unit. The only unusual feature o f the IR 
spectrum of 12r is that the bridging carbonyl band is almost as low in energy (1797 cm'1) 
as that seen for the neutral bimetallic Rh(0) complex 9 r (1794 cm'1). However, bridging 
carbonyls are often considerably less sensitive to changes in electron density on metal 
centers than terminal carbonyls.
12r/13r can also be prepared by mixing a 1:1 mixture of racemic- 
Rh2(NBD)2(et,ph-P4)2+, 2 r and race/wc-Rh2(allyl)2(et,ph-P4), 4r, and heating under 
H2/CO pressure. Figure 36c demonstrates that an IR spectrum very similar to that seen 
for 6b is obtained. The neutral Rh(0) centers in rac'tw/c-Rh2(p-CO)(CO)4(et,ph-P4), 9r, 
for example, are quite electron-rich and can act as in situ bases for deprotonating the 
dicationic dihydride species l l r  to make 12r/13r. ifarcm/c-Rh2H2(CQ)4(et,ph-P4), 8r, 
could also react in a similar fashion.
Hydroformylation runs done with the monocationic 12r/13r mixture, prepared by 
adding a single equivalent of HBF4 to rac<?/w/c-Rh2(allyl)2(et,ph-P4), 4r, give about half 
the catalytic activity relative to that seen starting with 2r (or 4r plus 2 equivalents of 
HBF4). We do observe relatively high regioselectivity (25:1 linear to branched aldehyde 
ratio) and somewhat reduced alkene isomerization (5%) and hydrogenation side 
reactions (2%).
4.5 New Bimetallic Hydroformylation Mechanism
Our previously proposed bimetallic cooperativity mechanism was composed of a 
neutral bimetallic catalyst and intermediate species. Considering the in situ FT-IR data 
presented here, there is no doubt that this needs to be changed to a dicationic bimetallic
catalyst species. We believe that bimetallic cooperativity is still operating and playing a 
key role in the hydroformylation catalysis. All o f the previously reported monometallic 
and spaced-bimetallic model catalysts were cationic (or in the case o f the bimetallic 
models, dicationic) norbomadiene complexes with BF4_ counteranions. Thus, these also 
generate cationic complexes under catalytic conditions. Yet, these model mono- and 
bimetallic complexes were terrible hydroformylation catalysts.
The new proposed bimetallic cooperativity mechanism for racemic- 
Rh2(NBD)2(et,ph-P4)2+ is shown in Figure 34. It is centered around the proposed 
dicationic dihydride complex l l r ,  racem/c-Rh2(p-H)(p-CO)(H)(CO)3(et,ph-P4)2+. The 
starting point o f the cycle, however, can be considered to be the open-mode complex 
race/w'c-Rh2(CQ)6(et,ph-P4)2+, lOr, which reacts with H2 to produce the mixed 
Rh(I)/Rh(III) oxidation-state dimer, labeled A in Figure 34. Dissociation o f a labile axial 
carbonyl on the Rh(I) side o f the bimetallic complex results in formation of the closed­
mode, edge-sharing bioctahedral dimer l l r .  As discussed earlier, we have a slight 
preference for continuing to consider l l r  as a Rh(I)/Rh(III) mixed oxidation-state 
system at this point, although the same general sequence of steps would hold for a 
formal metal-metal bonded Rh(II) species such as l lr* . Coordination of an alkene to 
the more labile Rh(I) site produces species B. The replacement o f an electron- 
withdrawing carbonyl with a more donating alkene ligand at this stage may promote an 
electron transfer from the now more electron-rich Rh(I) to the electron deficient Rh(III) 
center to produce the more classical metal-metal bonded Rh(II) dimer C.
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Figure 34. Proposed Bimetallic Mechanism for Dicationic Complexes
One can now insert the alkene ligand into the terminal Rh-H bond to give 
complex D. Addition o f carbonyl to the empty axial site generates E. This, in turn,
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promotes the alkyl migration to the equatorial carbonyl producing the acyl ligand in 
species F. The acyl is now adjacent to a hydride ligand on the other rhodium center 
setting the catalyst up for a bimetallic reductive elimination to produce the open-mode, 
Rh(I) complex lOr. This general type o f bimetallic reductive elimination across a M-M 
bond has been previously observed for dimer complexes, generally with alkyl and hydride 
ligands on adjacent metal centers.36
We believe that this proposed mechanism fits all the current spectroscopic data 
we have on our bimetallic system. As with most in situ spectroscopic studies on 
homogeneous catalysts, we did not expect to see any direct evidence for core species 
such as B through E. Based on our in situ FT-IR monitored catalytic runs, the rate 
determining step appears to be the dissociation o f a carbonyl ligand off l l r  to open up a 
coordination site for an alkene substrate. Subsequent steps up to the production o f lOr 
appear to be quite fast and should be unobservable by most common spectroscopic 
techniques.
The mechanism proposed in Figure 34 is for the dicationic bimetallic catalyst 
species generated from racem/c-Rh2(NBD)2(et,ph-P4)2+, 2r, or from the reaction of 
race/w/c-Rh2(allyl)2(et,ph-P4), 4r, with 2 equivalents o f HBF4. The IR studies clearly 
show that another set of distinct species are formed: when 4r reacts with a single 
equivalent o f HBF4; when 2r and 4r are mixed together; or when enough base is added 
to 2r. We propose that these are the closed- and open-mode monocationic bimetallic 
isomers, racew/c-Rh2(p-H)(p-CO)(CO)4(et,ph-P4)+, 12r, and racemic- 
Rh2(H)(CO)5(et,ph-P4)+, 13r, which are in equilibrium with one another (see Figure 33). 
These monocationic bimetallic catalysts are about 30-40% slower than the dicationic
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bimetallic catalysts, but have very similar linear to branched aldehyde product 
regioselectivities and somewhat lower amounts o f alkene isomerization and 
hydrogenation (overall, slightly higher chemoselectivity).
Interestingly, one can propose a different hydroformylation mechanism for the 
monocationic catalyst, as shown in Figure 35. Alkene addition to 12r gives species G, 
which can then do an alkene insertion into the Rh-H bond to produce the alkyl species 
H. Alkyl migration produces the acyl species I. Oxidative addition o f H2 to the cationic 
Rh(I) center leads to a Rh(III) dihydride complex J. Rotation about the central 
methylene bridge leads to the hydrido/carbonyl bridged Rh(I)/Rh(III) dimer K. One 
could also write this as a formal Rh(II) dimer. Hydride transfer to the acyl and reductive 
elimination o f the aldehyde product leads to the Rh(I) bimetallic complex 13r (or 
perhaps directly to 12r).
The main difference between the dicationic and the monocationic bimetallic 
mechanisms is that a single deprotonation o f l l r  to make 12r (or a single protonation of 
8 r or 9r to produce 12r/13r) shifts the types of formal oxidation states that the rhodium 
centers are likely to access by 2 electrons. The proposed monocationic mechanism 
involves mainly Rh(I) species and open-mode bimetallic complexes, while the dicationic 
mechanism centers more around Rh(I)/Rh(III) and/or Rh(II) dimer complexes. In the 
monocationic mechanism, there is always one formally cationic rhodium center that 
results in CO labilization to allow more facile binding of alkene or hydrogen.
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Figure 35. Proposed Mechanism for Monocationic Bimetallic Complexes.
As can be seen in both o f the proposed mechanisms, we believe that there are no 
significant amounts of free H+ involved. We can estimate the pKa of the dicationic 
species racejw/c-Rh2(p-H)(p-CO)(H)(CO)3(et,ph-P4)2+, l l r ,  from the decline in initial 
turnover rate with addition o f various bases. The addition o f NH3 to l l r  gives a catalyst 
with an activity and selectivity that is close to that observed for the monocationic 
bimetallic catalysts. Thus, we believe that l l r  has a pKa similar to that o f NH4+, that is, 
~9.2.37 Considering the low catalyst concentrations we are running (typically 1 mM) the 
amount o f free acid in solution will, therefore, be extremely small.
The purpose of adding acid to neutral bimetallic species such as 4r, 5r, or 6r is to 
generate mono- and dicationic bimetallic complexes (i.e., 12r/13r, l l r ) .  The electron- 
donating ability o f the et,ph-P4 ligand increases the electron density on the rhodium 
centers enough so that dissociation o f free H* from the cationic metal center is not a 
favorable process. These cationic catalyst species are important in that they are much 
more labile with respect to CO dissociation, allowing more facile coordination of H2 and 
alkene. Addition of bases to the catalyst solution, on the other hand, results in 
deprotonation o f the dicationic bimetallic hydride complexes (e.g., l l r )  to generate less 
active monocationic complexes and eventually neutral bimetallic complexes with excess 
base or a strong enough base. Both o f these complexes are very poor hydroformylation 
catalysts.
There has been an increasing awareness of the significance o f cationic metal 
complexes in catalysis. Crabtree was one o f the first to point out and demonstrate the 
utility o f having a formal positive charge on a metal catalyst.38 His cationic iridium- 
based hydrogenation catalysts represented one o f the first dramatic examples o f this
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effect.39 More recently, Brookhart has demonstrated a remarkably effective cationic 
Cp*Rh catalyst for the selective tail-to-tail dimerization of methyl acrylate.40 Sen and 
Brookhart have also independently reported cationic Pd(II) catalysts for the 
copolymerization of alkenes with CO.41 There are many more examples o f active 
cationic catalysts that we do not have space to discuss here. Cationic (or zwitterionic) 
complexes in hydroformylation catalysis have also been discussed, but none o f these have 
exhibited any special rate or selectivity effects.42
The cationic nature of our bimetallic et,ph-P4 catalysts combined with highly 
effective bimetallic cooperativity o f some sort is definitely responsible for the dramatic 
rate (and selectivity) differences seen for 2 r and the previously studied cationic 
monometallic Rh(NBD)(P2)+ (P2 = Et2PCH2CH2PEt2, Et2PCH2CH2PMePh, 
Et2PCH2CH2PPh2, Ph2PCH2CH2PPh2) and dicationic spaced-bimetallic Rh2(NBD)2- 
(et,ph-P4-Y)2+ (Y = /?-xylylene, propyl) model systems.22 We still believe that an 
intramolecular hydride transfer may play a key role in assisting the elimination o f the final 
aldehyde product. The many model studies on intermolecular hydride transfers make this 
possibility one that cannot be readily dismissed.43 The proximity-cooperativity effect is 
one that has been well established for enzymatic catalysis,44 and is the one factor that fits 
the best with the flexible binucleating nature of the P4 ligand. However, the prospect of 
having a bridging acyl playing a role, particularly for the dicationic bimetallic complexes 
where electrostatic attractive interactions between the 8~ charged acyl group and an 
adjacent cationic metal center, cannot be discounted. Siiss-Fink, for example, has 
proposed that the highly regioselective hydroformylation of 1-alkenes on a R u3(C O )j j-  
cluster proceeds via a bridging acyl intermediate.45 O’Connor and coworkers have
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isolated and crystallographically characterized a stable iridium dimer with a bridging acyl 
ligand, providing another experimental precedent for this possibility.46
The proposed mono- and dicationic mechanisms are also consistent with the 
observed lower hydroformylation activity of the mesa diastereomer o f the bimetallic 
catalyst.12 The meso diastereomer also makes use o f bimetallic cooperativity to speed up 
its rate o f hydroformylation catalysis relative to the model monometallic and spaced- 
bimetallic catalysts, but not as efficiently as the racemic bimetallic catalyst. The different 
stereochemistry for bimetallic complexes of /neso-et,ph-P4 implies that the two metals 
and associated ligands can interact with one another in alternate ways, leading to higher 
energy (i.e., slower) pathways for hydroformylation. Although the proposed 
mechanisms here are different from that originally suggested by us, the importance of 
doubly bridged bimetallic species, which the race/w/c-et,ph-P4 ligand and associated 
bimetallic complexes can access more readily, remains the same.
The in situ FT-IR spectroscopic studies of our bimetallic complexes have 
provided considerable insight into the presence o f neutral, monocationic and dicationic 
species. While many of the structures and mechanistic details proposed are certainly 
speculative, there can be little doubt that cationic complexes and bimetallic cooperativity 
play a key role in this novel bimetallic hydroformylation catalyst. We plan to continue 
our mechanistic studies on this bimetallic catalyst system by performing more careful 
kinetic studies and in situ 31P, !H, 2H, and 13C NMR studies.
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4.6 Neutral Dimers to Supported Catalysts
Supporting a homogeneous catalyst on a polymer or silica back bone could allow 
one to take advantage of the high regioselectivity o f homogeneous catalysts and provide 
the ease o f separation o f a catalyst from the reaction products found in heterogeneous 
catalysis reactions. This would effectively heterogenize our homogeneous catalyst and 
eliminate most o f the catalyst recovery problems found in homogeneous catalysts. 
Perhaps, the best position to link our dirhodium hydroformylation catalyst, racemic- 
JRh2(NBD)2(et,ph-P4)](BF4)2, 2r, to a polymer or silica backbone is via the central 
methylene carbon atom. An examination o f the reactivity o f this complex may allow us 
to fiinctionalize the central carbon atom and therefore develop synthetic methods for 
attachment to a support. Reaction o f 2 r with one equivalent o f lithium diisopropylamide 
(LDA) produced a monocationic complex 2w (see Figure 36).
Complex 2w was further reacted with an excess of very strong base, potassium 
pentadienide, to form 3w. Addition of one equivalent of HBF4 to 3w reformed 2w, 
which reacted with another equivalent o f HBF4 to return to 2r. Complex 3w was 
characterized by an X-ray single crystal structure as well as NMR. The X-ray crystal 
structure has not been fully refined and is not shown in this manuscript. One possible 
reaction involves the use of the carbene dimer, 3w, and an electrophilic compound that 
has a long alkyl group with a protected functional group on one end and probably an 
iodine on the other end. This could be used instead of reacting the complex with HBF4, 
to create an analog of monocationic 2w in Figure 36. This reaction should allow us to 
functionalize the central carbon atom and attach an anchor group. One method would be 
to start with an ethyl group or a similar short chain and work up to the longer alkyl
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chains. The protected aldehyde or other end group would then need to be deprotected, 
followed by a subsequent reaction, which would depend on the support being used, to 
enable surface attachment.
B * potassium pentadienide, or potassium 2,4-dimethylpentadienide 
Figure 36. Reactions o f the Dicationic Species with LDA and HBF4
One interesting factor involving this compound is the question concerning the 
type of carbene it is: a Fischer carbene or a Schrock alkylidene. Carbenes have Fischer 
character for low-oxidation state, late-transition metals, having 7 1-acceptor ligands on the 
metal and 7t-donor substituents on the carbene carbon. Such a carbene behaves as if it 
carries a 5+ charge and is electrophilic. Schrock character is shown by carbenes bound to 
higher-oxidation state, early-transition metals, having non-7t~acceptor ligands on the
3w
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metal and non-7t-donor substituents on the carbene carbon. Such a carbene behaves as if 
it carries a 8' charge and is nucleophilic.47
3w is a carbene with low-oxidation state late-transition metal rhodium atoms, but 
it contains poor 7i-donor substituent phosphorus atoms (lone pairs are tied-up with 
bonding to Rh centers) on the carbene carbon. This carbene could be considered neutral, 
two electron Fisher carbene that would be susceptible to attack by nucleophilic agents. 
But I feel that this carbene atom may be 8' charged, which fits best with the square- 
planar Rh(I) geometry about the carbene-bound rhodium center. 3w would then be 
susceptible to electrophilic attack and act like a formal dianionic, four electron donor.
4.7 Cationic Catalyst Effects on the Hydroformylation of Allyl Alcohol
One olefin that we extensively studied was allyl alcohol, or 2-propen-l-ol.
50,000 tons per year o f allyl alcohol is a produced worldwide with the Shell and Dow 
processes being the most widely used. It is used primarily for the manufacture of 
glycerol. In addition, esters of allyl alcohol are used in polymers. A new use for allyl 
alcohol arises from its hydroformylation to 4-hydroxybutanal followed by hydrogenation 
to yield 1,4-butanediol. In 1990, ARCO began operation of a process plant that 
produced 37,000 tons per year o f 1,4-butanediol. Widespread interest exists in 
1,4-butanediol as an intermediate in the synthesis o f high performance engineering 
plastics.48 Our interests were piqued by this, so we thought that one possible industrial 
application o f our catalyst might be to hydroformylate the allyl alcohol into 4- 
hydroxybutanal.49
The race/w/c-[Rh2(NBD)2(et,ph-P4)](BF4)2 catalyst did hydroformylate the allyl 
alcohol at 60°C and 60 psig veiy selectively, with approximately a 25-30:1 linear to 
branched aldehyde ratio. The linear aldehyde product is denoted by HBA, 
4-hydroxybutyraldehyde, and the branched aldehyde product is denoted by HMPA, 
3-hydroxy-2-methylpropionaldehyde. The HBA is in equilibrium with its intramolecular 
cyclization product, 2-hydroxytetrahydrofuran. The initial turnover rate of 500 
turnovers per hour is about three times slower than the current ARCO catalyst which has 
an initial runover frequency of 1500 turnovers per hour. The ARCO catalyst is first 
order in alkene, while our catalyst is close to zero order in alkene. This relationship is 
illustrated in Figure 77, which may be found in Appendix 3. Initially, it was thought that 
the proton generated when we generate the active catalyst during hydroformylation 
reaction had a dramatic effect on the allyl alcohol reaction products. We initially 
postulated that that it was exclusively producing the linear aldehyde product, but we 
indeed were not. Instead, a large peak in the gas chromatography spectrum at 
approximately 25 minutes is the addition product between the uncyclized linear aldehyde 
and allyl alcohol. This was mainly based on GC/MS data obtained from ARCO, but was 
also consistant with NMR data that fit this type o f product. In the early stages o f the 
reaction, we made large amounts o f this addition product. This possible addition 
product is illustrated in Figure 37, using a proton as an example o f  a cation aiding in the 
formation of addition product. The addition product is a problem and it appears as if the 
cationic nature o f the catalyst actually catalyzes the addition product rather than the acid 
catalyzing the increasing number o f undesirable aldehyde and alcohol addition products.
77
H t
• °  H
-OH < f  .
H--► h _7 s ^ — ^ 0H  +  H+
Figure 37. Proposed Addition Product in Hydroformylation of Allyl Alcohol
The conversion up to approximately 35% seems fairly clean, but then the cationic 
metal center must start taking over to give the unwanted addition products. We 
performed a fairly detailed catalytic run using our catalyst to see what was occurring 
over time. The allyl alcohol is completely converted to products (99+%) and the 
production o f one o f the side products, the isomerization o f allyl alcohol to propanal, is 
only a small complication (1.7%). This is thought to occur via a 7i-allyl intermediate 
complex that can insert into the Rh-H bond and form a saturated alcohol complex. One 
hydrogen may be abstracted and reform the unsaturated alcohol intermediate. A 
reduction elimination o f the propanal and reformation o f the active catalyst species 
occurs in the final step. Even though the percent conversion is high and the 
isomerization is low, the percent o f linear aldehyde product decreases and the linear to 
branched aldehyde ratio reduces dramatically with increasing reaction time. Also, there 
is some high molecular weight compound that is formed over time (21% after four 
hours) that could not be identified by us or by our industrial collaborators. The results of 
the experiment and the definitions of the products formed are illustrated in Figure 78 and 
Table 14, both located in Appendix 3. A sample chromatogram of allyl alcohol
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hydroformylation using race/tt/c-[Rh2(NBD)2(et,ph-P4)](BF4)2 is depicted in Figure 38. 
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Figure 38. Sample GC Chromatogram of Allyl Alcohol Hydroformylation
The addition o f base to the reaction had a dramatic effect as well, essentially 
converting our catalyst into a slower version of the current ARCO Rh/PPh3/dppb 
catalyst system or something quite similar in comparison to monometallic catalysts 
currently used by ARCO. The linear to branched aldehyde selectivity is reduced to 6- 
11:1, as compared to 5.6:1 for their system. The added base seems to alter the product 
and gives an undesirable cyclic side product. Using allyl alcohol as a substrate seems to 
be a problem for our catalyst system due to the back reaction o f the aldehyde products 
and the hydroformylation research in this area was terminated.
CHAPTER 5 ASYMMETRIC CATALYSIS 
5.1 Introduction
The general field of asymmetric catalysis has become increasingly more prevalent 
in recent years as a way of preparing chiral compounds. The synthesis of optically active 
compounds by asymmetric catalysis has progressed significantly, particularly in the area 
of asymmetric hydrogenation o f prochiral alkenes. Pharmaceutical chemistry and 
biochemistry have both shown striking increases in research and development o f chiral 
compounds. Many pharmaceuticals are made of chiral molecules and the use of 
enantiomerically pure materials can often be of critical importance.
In the 1960’s, the use of the drug thalidomide caused several birth defects when 
the racemic mixture was used. One of the enantiomers turned out to cause severe 
abnormal fetal development in pregnant women. Although racemic mixtures are still 
being used in drugs today, the Food and Drug Administration is now encouraging the 
synthesis of enantiomerically pure pharmaceuticals. Thus, optical purity in compounds 
has become of significant interest in industry today. Optically active aldehydes can be 
obtained by hydroformylation o f similar substrates, but only very recently have high 
enantiomeric excesses been reported.50
5.2 Asymmetric Hydroformylation
Asymmetric hydroformylation has been a very difficult catalytic reaction in the 
past. The hydroformylation catalyst used must favor the branched aldehyde product 
instead of the linear product. Steric factors usually lead towards the less sterically
79
encumbered linear product. However, 1-alkenes that possess electron-donating lone- 
pairs or 7C-systems a  to the double bond can often override the normal steric effects to 
direct the production of the branched aldehyde product. These electronic effects alter 
the hydride insertion in the catalytic cycle, which is normally considered the selectivity 
inducing step. The hydride now adds to the terminal carbon o f the alkene double bond 
producing the branched aldehyde species. Alkenes such as vinyl esters, vinyl arencs, and 
vinyl ethers give branched aldehyde products during the hydroformylation reaction.
Asymmetric hydroformylation also has the potential to produce a very important 
family of anti-inflammatory pharmaceuticals called the profen family, o f which ibuprofen 
and naproxen being the most well known members. It also provides the most cost 
effective route to a number o f chiral amino acids, which are the fundamental building 
blocks for all living systems. All these products are high cost or value chemicals with a 
variety of applications in biological, pharmaceutical, and biochemical applications. A 
highly enantioselective and regioselective catalyst that is stable could have a profound 
impact on the chemical market. Most asymmetric hydroformylation is done 
homogeneously, so there does present the problem of product recovery as well as 
catalyst recovery from the final product mixture. The development o f a supported 
asymmetric hydroformylation catalyst would be ideal, so that the industrial use o f this 
catalyst would provide a flow-through system by which the product is separated from the 
catalyst. A supported catalyst that remained stable and had only very small amounts of 
rhodium leached into the reaction mixture would be a dominant complex in the 
marketplace.
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Recently, there have been number o f reports on the use o f asymmetric 
hydroformylation.51 The rates of these catalysts are generally slower than those of 
regular hydroformylation catalysts. The success o f an asymmetric catalysis reaction is 
measured by the enantiomeric selectivity or enantiomeric excess (ee) o f the reaction. 
The enantiomeric excess is defined by the equation:
|* -s|
ee = x 100%
R  + S
A possible application o f asymmetric hydroformylation is the synthesis o f (S)- 








Figure 39. Synthetic Routes to (S)-Ibuprofen and (S)-Naproxen
The compound (S)-ibuprofen is an over the counter anti-inflammatory drug. It is 
currently sold as a racemic mixture o f the (R) and (S) enantiomers. In the case o f (S)- 
ibuprofen, the inclusion o f the (R) enantiomer has no harmful side effects. However, in 
the case o f (S)-naproxen, the (R) enantiomer is a potent liver toxin. Currently, the (R) 
enantiomer is removed from the racemic mixture by crystallization with a chiral resolving
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agent. Industrial companies might find it very significant to obtain a catalytic, highly 
enantioselective route that produces (S)-naproxen.
We have initially concentrated on less-hindered alkene substrates that have 
electronic reasons for producing the branched aldehyde products. In accordance with 
this, vinyl acetate should be a nearly ideal substrate and it was the first substrate we 
studied using our bimetallic chiral catalyst. The desirable chiral product from this 
hydroformylation reaction is the amino acid L-threonine, which is an essential human 
nutrient that is not synthesized by the human body. In the synthetic scheme shown in 
Figure 40, vinyl acetate is hydroformylated to 2-acetoxypropanal, which can be further 
transformed into L-threonine via Strecker chemistry.52
Figure 40. Synthetic Route for Production o f L-Threonine
The chelating tetraphosphine ligand et,ph-P4 has been used to synthesize the 
chiral catalysts (+) and (-)-[Rh2(NBD)2(et,ph-P4)](BF4)2,53 which have been used in the 
hydroformylation o f vinyl acetate. These catalysts would not recrystallize well using any 
solvent. However, the neutral bimetallic catalyst precursor, Rh2(ri3-allyl)2(et,ph-P4), 
initially synthesized by Dr. Wei-Jun Peng in our laboratories, does recrystallize well 
when the chiral ligands are used. We find that (+) or (-)-Rh2(n3-allyI)2(et,ph-P4) and 2 





enantioselective hydroformylation catalyst for vinyl acetate. Data from one 
hydroformylation run is shown in Figure 41.
Vinyl A cetate Hydroformylation 
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Figure 41. Uptake Curve of Vinyl Acetate Hydroformylation
In this hydroformylation run, almost 1800 equivalents of vinyl acetate were 
converted to aldehyde with a branched to linear selectivity of 4.3:1 and an enantiomeric 
excess of 85%. The enantiomeric excess was determined by chiral gas chromatography. 
The initial turnover rate was 476 turnovers per hour. The catalyst seems to be extremely 
selective for the aldehyde products with a conversion of almost 90% in 16 hours, while 




A large batch reaction was performed using the Rh2(n3-allyl)2(et,ph-P4) chiral 
catalyst with a total o f 40 mL o f vinyl acetate added tc the reaction solution. The 
reaction was initially started with the addition o f 20 mL o f vinyl acetate as the substrate. 
After approximately 40 hours and 2000 equivalents o f aldehyde had been produced, an 
additional 10 mL of vinyl acetate was added and the reaction continues. After 
approximately 65 hours, a subsequent addition of 10 mL o f vinyl acetate was made and 
the reaction continued. The initial turnover rate slowed significantly, going from 356 
turnovers per hour to 88 TO/hr and finally to 71 TO/hr by the end of the reaction. 
Remarkably, the %ee remained exceptionally high throughout the course o f the reaction, 
starting at 83 %ee and ending at 78 %ee. This reaction proved that the catalyst 
remained stable even after the production o f several thousand equivalents o f aldehyde 
products. The data from this large batch reaction is illustrated in Figure 42.
The best asymmetric hydroformylation o f vinyl acetate reported in the literature 
is Stille’s Pt/Sn catalyst with the chiral chelating phosphine ligand BPPM, shown in 
Figure 43. Stille obtained an enantiomeric excess o f greater than 96% when the 
hydroformylation was done using triethyl orthoformate as an aldehyde trapping agent.54 
These reactions were very slow and gave poor regioselectivities along with some 
decomposition o f the products. Moreover, workers from other laboratories have been 
unable to reproduce Stille's results and they have proposed several explanations for this 




Allyl Catalyst #1 in 450 ml Autoclave














9070 8050 600 10 20 30 40
Time (hours) 
Figure 42. Batch Reaction with Vinyl Acetate
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Figure 43. Pt/Sn Complex with BPPM Ligand
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Takaya and coworkers have very recently reported a new chiral mixed 
phosphine-phosphite ligand based on a double binapthyl chiral framework.56 Their 
catalyst system, which is illustrated in Figure 44, is the first rhodium-based catalyst 
reported in the academic literature that gives high ee’s (88-92%) for the 
hydroformylation o f vinyl acetate and a variety o f other olefin substrates.
Ph
(R,S)-BINAPHOS
Figure 44. Takaya’s Catalyst with the BINAPHOS Ligand System
The results for Stille’s Pt/Sn/BPPM system, Takaya’s Rh/BINAPHOS catalyst, 
and our Rh2(r|3-allyl)2(et,ph-P4) catalyst are presented in Table 8. Our system compares 
very favorably with the Pt/Sn/BPPM system, in that it is considerably faster and has a 
better regioselectivity, while requiring less severe pressures o f H2/CO gas. The rates 
appear to be slow for Takaya’s system, but he was not stirring his reaction solution 
well.57 His catalyst is probably faster than our bimetallic catalyst and will also probably 
operate at lower pressures. No initial turnover rates were reported in these papers by 
Stille and Takaya. The numbers in the table are total turnovers done in the catalytic run.
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Table 8. Results o f the Hydroformylation of Vinyl Acetate







Stifle's Pt/Sn/BPPM 2700 60 240 100 0.5 96
Takaya’s Rh/BINAPHOS 1400 60 36 400 6 92
Takaya’s Rh/BINAPHOS 1400 80 72 2000 5 88
Rh2(T|3-allyl)2(et,ph-P4)/HBF4 90 90 4 500 4 85
Rh2(T|3-allyl)2(et,ph-P4)/HBF4 90 90 40 2000 4 83
We have also hydroformylated vinyl propionate, vinyl butyrate, and vinyl 
benzoate. There is a gradual decrease in the initial turnover rate, which is an 
expected trend in the hydroformylation of more complex but similar alkene substrates. 
The vinyl acetate has an initial rate of 476 TO/hr, the vinyl propionate has a rate of 
420 TO/hr, and the vinyl benzoate has a rate of 270 TO/hr. Very similar 
regioselectivities and enantioselectivities are exhibited by the vinyl acetate and vinyl 
propionate, with a branched to linear selectivity of 4:1 and an enantioselectivity of 
85% ee.
Vinyl butyrate has also been hydroformylated to the aldehyde products, 
showing a slight increase in the regioselectivity with a 6:1 branched to linear aldehyde 
ratio. The initial turnover rate was determined to be approximately 380 TO/hour.
We have not yet been able to confidently assess the aldehyde products for the 
enantiomeric excess. The hydroformylation of vinyl benzoate has also been a difficult
88
reaction to analyze using the chiral gas chromatography column. This difficulty may 
be circumvented by using the chiral HPLC to separate the chiral aldehydes instead of 
chiral GC. The regioselectivity is approximately 15:1 branched to linear aldehydes 
and the initial turnover frequency is 270 turnovers per hour, but we are unable to 
determine at this time what the exact enantioselectivity is. The regioselectivity has 
been subsequently confirmed using NMR. This increase in the regioselectivity should 
indicate that there is a  corresponding increase in the enantioselectivity.
Molecular modeling of our complex also predicts that bulkier substrates such as 
vinyl arenes will be too large to fit into the branched binding cleft in our bimetallic 
catalyst. Indeed, the hydroformylation of styrene with the Rh2(n3-allyl)2(et,ph-P4) 
catalyst and two equivalents of HBF4 gives a poor branched to linear aldehyde ratio of 
only 0.5:1 and an enantiomeric excess of approximately 25%. There are some other 
sterically unhindered substrates that might work well, such as vinyl ethers and vinyl 
acetamides. Further analyses need to be performed using these types of subtrates.
5.3 Chiral GC Separations
The analysis o f enantiomeric excess for the hydroformylation o f vinyl acetate is 
performed on a 30 meter cyclodextrin column. The stationary phase is made up of 
cyclodextrins. Armstrong and coworkers have determined there are a number o f factors 
that control the physical state o f the cyclodextrin derivatives. Certain derivatives appear 
to exist as viscous liquids at ambient temperature, while other forms, including the native 
cyclodextrins, are crystalline solids. The most studied factors were the number of polar 
functional groups, the homogeneity of the derivative, and the overall molecular weight of
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the compound. His research group has used these factors to design a series o f liquid 
cyclodextrin derivatives of varying polarities that are now marketed by Astec under the 
Chiraldex trade name. The mechanism of separation involves the formation o f an 
inclusion complex within the cavity o f the cyclodextrin. Other factors may effect the 
separation, including other intermolecular interactions that may occur, such as dipole- 
dipole interactions and hydrogen bonding, as well as the size, shape, and functionality of 
the analyte molecule.58
The analysis of enantiomeric excess for the hydroformylation o f vinyl acetate is 
performed on a 30 meter Chiraldex P-TA capillary GC column in the Hewlett Packard 
5890 Gas Chromatograph. This phase has proved to be selective for oxygen containing 
analytes such as ketones, aldehydes, acids, lactones, and halogenated compounds.59 The 
chromatographic conditions are as follows: the injector temperature was set at 200°C, 
the detector temperature was set at 200°C, and an isothermal oven temperature program 
of 110°C was used. The carrier gas utilized is helium with a column head pressure of 10 
psi. A flame ionization detector (FID) is used and a split ratio of 1:100 is employed. 
Retention times for the enantiomers were determined to be 6.5 minutes and 7.7 minutes, 
under the above conditions. The enantiomeric excess o f 85% was determined by 
comparing the areas of the two branched enantiomers o f 2-acetoxypropanal. A sample 










Figure 45. Sample GC Chromatogram o f Vinyl Acetate Hydroformylation
CHAPTER 6 CONCLUSIONS
The use of an electron-rich, chelating phosphine ligand system, the et,ph-P4 
system, Et2 PCH2CH2 (Ph)PCH2 P(Ph)CH2 CH2PEt2 , to synthesize bimetallic complexes 
has been expanded upon and several catalysts have been synthesized. One such complex, 
racem/c-[Rh2(NBD)2(et,ph-P4)](BF4)2, is a remarkable bimetallic catalyst that has been 
found to be very active and selective for the production of aldehyde products in the 
hydroformylation o f a-olefins. It is our belief that the catalyst exhibits cooperation 
between the metals centers of the bimetallic complex.
This justification arises from the synthesis o f model monometallic complexes 
mirroring the electron-richness o f our ligand system, as well as the synthesis of spaced 
bimetallic complexes that could bring comparisons of the rates o f reaction and 
conversions to products to the forefront. These monometallic and spaced bimetallic 
analogs presented very poor hydroformylation catalysis results, as compared to the 
current catalyst, the rac>tjw/t’-[Rh2(NBD)2(et,ph-P4)](BF4)2. The monometallic analogs 
show less than 2% conversion o f the alkene to aldehyde products after three hours, low 
linear to branched selectivities o f 3:1 or less, and considerable amounts of undesirable 
alkene isomerization and hydrogenation. This did indeed indicate that our catalyst may 
use some sort o f bimetallic cooperativity to effect high regioselectivity and high reaction 
rates.
The spaced bimetallic analogs were also very poor hydroformylation catalysts.
The complexes show less than 2% conversion of the alkene to aldehyde products, low 
linear to branched selectivities of 2.4:1 or less, and considerable amounts of undesirable 
alkene isomerization and hydrogenation side products. These results are opposed to the
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results obtained from the regular hydroformylation of 1-hexene, where the racemic- 
[Rh2(NBD)2(et,ph-P4)](BF4)2 catalyst provides an 85% conversion o f the alkene to 
aldehyde products, a linear to branched aldehyde ratio o f 27.5:1, and moderate 
isomerization and hydrogenation side products, affording 8% and 3.4%, respectively.
The addition of two equivalents o f non-coordinating nitrogen bases does improve 
the catalytic hydroformylation results by inhibiting the undesirable side reactions of 
isomerization and hydrogenation. The adverse side effect o f base addition is that the 
reaction rate slows down significantly. We were able to determine experimentally that 
there was a strong relationship between the base strength and the turnover rate.
Stronger bases cause a dramatic slowing o f the initial reaction rate, but also reduce the 
catalytic side reactions to low levels. In addition, there is a corresponding loss in the 
linear to branched aldehyde regioselectivity as one goes to the strongest bases.
However, there is no correlation between the cone angle o f the base and the initial 
turnover frequency. The conclusion that one reaches is that the base is not coordinating 
to the rhodium center.
A neutral catalyst precursor, race/w/c-Rh2(ri3-allyl)2(et,ph-P4), was prepared in 
order to examine what would happen with a neutral catalyst system. This complex was 
used under hydroformylation conditions and the results showed that very slow 
hydroformylation was occurring. The initial turnover frequency was 35 turnovers per 
hour with a poor linear to branched aldehyde product ratio o f only 2.4:1. When the 
neutral catalyst precursor was pre-treated with two equivalents o f HBF4, catalytic results 
were obtained that were essentially identical with the racemic- 
[Rh2(NBD)2(et,ph-P4)](BF4)2 catalyst (80% conversion to aldehyde products after 3
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hours, a 26:1 linear to branched aldehyde product ratio, and about 8-10% alkene 
isomerization).
Extensive in situ FT-IR studies were performed on the reaction o f the various 
catalyst species with CO and H2/CQ under hydroformylation conditions to determine the 
mechanism by which this bimetallic hydroformylation reaction occurs. Several new 
catalytic species were generated and identified from these studies. The neutral bimetallic 
precursor, race/w/c-Rh2(q3-allyl)2(et,ph-P4), under our hydroformylation conditions 
(90 °C, 90 psig o f H2/CO) produces a set of terminal and bridging carbonyl bands with 
an average stretching frequency o f -1920 cm'1. The addition of one equivalent of HBF4 
generates a pair o f monocationic hydridocarbonyl bimetallic complexes with the average 
carbonyl stretching frequency shifted up to -2010 cm'1. The addition of two equivalents 
o f HBF4 to the race/n/c-Rh2(q3-allyl)2(et,ph-P4) generates yet another set o f dicationic 
bimetallic complexes with average carbonyl stretching frequency -2050 cm’1.
Identical FT-IR specta were obtained starting with dicationic racemic- 
[Rh2(NBD)2(et,ph-P4)](BF4)2 or by using neutral rac£/w'c-Rh2(r)3-allyl)2(et,ph-P4) with 
two equivalents o f HBF4. This -130 cm'1 shift to higher energies in the carbonyl 
stretching frequency is a very dramatic effect and provides good evidence for the 
presence o f dicationic species as the most active bimetallic catalyst species. A dicationic 
bimetallic hydroformylation mechanism was postulated which centers more around 
Rh(I)/Rh(III) dimer complexes or Rh(II) dimer complexes. A monocationic bimetallic 
mechanisms was also proposed mainly involving Rh(I) species and open-mode bimetallic 
complexes.
Bimetallic asymmetric hydroformylation catalysts were synthesized in our 
laboratories by using the isolated enantiomerically pure forms of the race/w/c-et,ph-P4 
ligand system to prepare the new chiral catalysts, (R,R) and (S,S)-Rh2(ri3-allyl)2(et,ph- 
P4). The catalysts were used with two equivalents of HBF4 to hydroformylate vinyl 
acetate to acetoxypropanal, with the branched product being 2-acetoxypropanal and the 
linear product being 3-acetoxypropanal. The hydroformylation reaction generates a 
chiral center in the branched product, with the catalyst selectively producing one 
enantiomer over another, hence providing an enantiomeric excess o f one enantiomer. A 
conversion of 84% o f the alkene substrate to the aldehyde products was observed, 
producing a branched to linear aldehyde ratio o f 4:1. The chiral Rh2(ri3-allyl)2(et,ph-P4) 
catalyst also produced an enantiomeric excess o f  85% in the aldehyde products. The 
products o f the catalytic reaction were analyzed employing a Chiraldex {3-TA GC 
column and utilizing an isothermal temperature program.
CHAPTER 7 EXPERIMENTAL
7.1 Instrum entation
The FT-IR spectra were recorded on a Perkin-Elmer 1760 instrument using 
LabCalc data collection and processing software, from Galactic Software, running on a 
Northgate 33 MHz 386 computer with an IEEE-488 interface to the FT-IR. Gas 
chromatography analysis for hydroformylation runs were performed on a Hewlett 
Packard 5890 capillary gas chromatograph with a flame ionization detector (FID). Our 
laboratory utilizes LabCalc data collection and processing software running on a 
Compaq 20 MHz 386 computer with an RS-232 serial interface for data acquisition and 
display. NMR spectra were collected on Bruker AC-100, AC-250, or AC-400 
instruments. *H NMR data is listed in 8 ppm using TMS as an internal reference. 31P 
NMR data are listed in 8 ppm using external H3P 0 4 or PPh3 as a reference. 13C NMR 
data are listed in 8 ppm using solvent peaks as references. Elemental analyses were 
performed by Oneida Research Services, Inc., One Halsey Road, Whitesboro, N.Y. 
13492.
7.2 General Procedures
All synthetic procedures were carried out under inert atmosphere conditions 
using Schlenk techniques or glove boxes. We have four glove boxes in our laboratories, 
two double glove boxes manufactured by Vacuum Atmospheres, Inc., one single glove 
box also manufactured by Vacuum Atmospheres, Inc., and one double glove box 
manufactured by Innovative Technologies, Inc., which distributes Braun, Inc. equipment.
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The nitrogen used as the inert atmosphere was generated from the vaporization of liquid 
nitrogen either from individual dewars in the laboratories or from the large tank 
providing the Chemistry building personnel with house nitrogen. All solvents except 
acetone were purified via distillation under inert atmosphere using the following drying 
agents: toluene, hexane, pentane, and tetrahydrofuran with Na/K alloy and 
benzophenone; CH2C12, and acetonitrile with CaH2; MeOH with Mg turnings. Acetone 
was degassed by sparging with nitrogen for approximately four hours. Synthesis gas, a 
1:1 mixture o f H2/CO, and all other gases were used as received from Liquid Carbonic 
through the campus plant supply stores. The starting material Rh(CO)2(acac) was 
provided by Hoechst-Celanese Corporation. The ethylene, propylene, and 1-butene used 
in the hydroformylation runs were used as received from Aldrich Chemical Company. 
Pentene, allyl alcohol, and styrene were degassed by the freeze-pump-thaw degassing 
method. 1-hexene, 1 -heptene, and 1-octene were degassed by sparging with nitrogen for 
approximately 2 hours. The allylMgCl, norbomadiene, and all other substrates were 
used as received from Aldrich Chemical Company.
7.3 Autoclave Procedures for Hydroformylation
7.3.1 Original Hydroformylation Procedure
The original procedures used left quite a bit to be desired. I started with a clean 
and dry Schlenk flask and took the flask into the glove box using proper anaerobic 
techniques. The catalyst was weighed out, usually using a 0.020 gram sample, and 
placed in the clean Schlenk flask. Acetone was measured and transferred to the Schlenk 
flask, using a graduated cylinder to obtain approximately 45 milliliters. The olefin
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substrate was weighed out on the scale and poured directly into the flask containing the 
catalyst solution. A small initial sample (approximately 1 milliliter) is removed from the 
flask and the flask is then closed with a septum and removed from the glove box. While 
the catalyst solution is being prepared in the glove box, the autoclave setup is being 
evacuated using a Fisher vacuum pump to obtain a vacuum of 0.1 to 0.15 mm o f Hg. A 
schematic of the original autoclave setup is illustrated in Figure 46.
P r e s s u r e  
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Figure 46. Original Autoclave Setup for Hydroformylation
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After the vacuum has reached this level, indicating that there are no leaks in the 
connections o f the autoclave system, the autoclave is brought up to pressure with 
nitrogen using an adjoining Schlenk manifold. A slight vacuum is then pulled on the 
autoclave to provide a pressure gradient to allow the catalytic solution to flow from the 
catalytic flask to the autoclave. The solution in the catalytic flask is then transferred to 
the autoclave using a stainless steel cannula. The temperature ramp is then begun and 
the pressure o f the 1:1 H2/CO is raised to approximately 20 psi below the pressure 
desired during the reaction, which is usually 80 psi. The data logger is turned on to log 
the data on the internal RAM disk o f the Parr 4850 controller. Approximately 1 milliliter 
aliquots were removed as samples at one, two, and three hour intervals for the majority 
of the hydroformylation runs. Later hour samples and final samples were taken on the 
slower proceeding reactions involving other substrates.
7.3.2 New Autoclave Procedures for Hydroformylation
Since I began working in the Stanley research group, I have performed over 500 
autoclave runs, with approximately 160 of those runs using the old setup. The autoclave 
procedure and setup has been greatly improved since then, making the hydroformylation 
results much more reliable and reproducible. In a representative run with 1-hexene as 
the substrate, the catalyst precursor, racemic [Rh2(NBD)2(et,ph-P4)](BF4)2, 2r, (0.090 
grams, 8.75 x 10'5 moles) is weighed out in the autoclave which has previously been 
brought into the glove box. 80 mL of acetone is added to the 150 mL capacity autoclave 
to dissolve the catalyst. All the valves on the autoclave are closed and the bolts on the 
autoclave base are sealed and tightened. The autoclave is removed from the glove box
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and attached to the degassed apparatus on the bench top. A schematic o f the new 
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Figure 47. New Autoclave Setup for Hydroformylation Reactions
The system is degassed from the outlet o f the gas pressure regulator to the 
bottom of the olefin addition cylinder. This improved setup took many hours o f planning 
and construction by myself, Dr. Wei-Jun Peng, and Dr. Kris Tesh. The use of 
Swagelock valves, tube fittings, Quick-Connect tube connectors, gasket fittings, o-ring 
fittings, as well as Nupro and Whitey high pressure ball valves and three-way valves
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produced a unique catalytic reaction system that provided us with our desired 
experimental options. We also added olefin addition cylinders to the apparatus which 
allows for the addition o f the olefin when the catalytic solution reaches the desired 
temperature and is allowed to equilibrate. This then allows for the initial sample to be 
taken at a time in which the olefin has just been introduced into the catalytic solution.
All o f these items were purchased from Capital Valve and Fitting Co., Inc., 9243 
Interline Ave., Baton Rouge, Louisiana, 70809.
The previously degassed olefin is added to a graduated Schlenk flask to deliver 
10 mL (910 equivalents) o f alkene to the olefin addition cylinder when it is ready. After 
the system has reached a vacuum of approximately 0.08 mm Hg, the three way valves on 
the cylinder are turned to evacuate the lines leading directly into the autoclave. While 
that portion o f the system is evacuating, the olefin is added to the addition cylinder via a 
stainless steel cannula. The addition cylinder is pressurized to 90 psi with synthesis gas. 
After the direct lines to the autoclave are properly degassed, a system flush is done with 
the synthesis gas to flush out the nitrogen contained in the headspace of the autoclave. 
The flush is performed three times and on the final flush, the pressure is released down to 
a pressure of 50 psi in the autoclave. The temperature ramp to 90°C is then started on 
the Parr controller at a stirring rate of 1000 rpm. An uptake of approximately 5 psi is 
observed as the H2/CO gas is dissolving in the acetone. When the autoclave reaches the 
desired 90°C temperature, which occurs at approximately 65-70 psi, the pressure in the 
autoclave is reduced to 50 psi. The three way valves on the top and the bottom of the 
olefin addition cylinder are turned and the olefin is forced into the autoclave. An initial 
sample is taken and the data logger is turned on so that we have a reference point by
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which we can monitor the progress o f the hydroformylation reaction. 1 mL aliquots are 
removed as samples at one, two, and three hour intervals or at other times if the reaction 
is progressing slower. These samples are then analyzed by GC and occasionally by NMR 
for product distributions. The temperature of the autoclave, the pressure in the synthesis 
gas reservoir, the pressure o f the gas in the autoclave, the room temperature, and the 
elapsed time are all recorded on the PARR internal RAM disk. The data can be 
transferred following the run to a personal computer for data work-up and analysis. All 
runs are done at constant pressure and the pressure is kept constant with the use of a 
high pressure gas regulator. The uptake of gas shown from the external gas reservoirs 
serves as a gauge o f the hydroformylation activity.
7.4 In-Situ FT-IR Procedures
We conducted our in-situ FT-IR studies o f the catalytic solutions on a Perkin 
Elmer 1760X FT-IR Spectrometer using a narrow band MCT detector cooled with 
liquid nitrogen. A SpectraTech external sample bench is attached to the spectrometer 
equipped with a SpectraTech Circle Reaction Cell (CRC) using a ZnSe crystal rod. A 
schematic o f the SpectraTech Circle Reaction Cell is illustrated in Figure 69, located in 
Appendix 3. The CRC cell allows the study of solution IR under high pressure/high 
temperature conditions using attenuated total reflectance (ATR) methodology. 
Instrument parameters normally used are: scans = 25, resolution = 4 c m 1, scan speed =
1.0 cm/sec, scan range = 4000-800 cm'1 (although this is usually narrowed down for 
actual data collection to 2500-1400 cm'1). Under these conditions we get an energy 
reading o f -18-20,000 counts through an empty CRC cell.
In a typical study, the CRC containing 15 mL of THF under N2 is fitted to the 
external bench. The CRC is then heated to 60° C and the bench purged at a relatively 
high rate with N2. A background spectrum (25 scans) is taken every two minutes until 
the bands between 4000 and 3500 cm'1 from the moisture in the air have become very 
small compared to the C-H stretches from THF (this takes about 20-30 min.). This 
background spectrum is then stored internally on the PE 1760 FT-IR for auto­
subtraction from the sample spectrum. Purging is then stopped and the CRC is removed 
from the external sample compartment and brought into a glove box to load the rhodium 
catalyst solution (15 mL, 25 mmolar THF solution). The CRC is again installed into the 
external sample bench and N2 purging o f the bench is restarted. A regular spectrum (not 
background) is now collected every two minutes until a nice level base-line is obtained in 
the 4000 to 3500 cm'1 region. At this point, the N2 purge rate is adjusted so that the 
moisture level remains relatively constant in the external sample compartment.
About 10 psig o f CO is now introduced into the CRC and a spectrum (25 scans) is taken 
immediately. The CO pressure is then raised to 90 psig and a spectrum is taken every 5 
minutes until no more changes to the spectra are observed. The CO pressure is now 
released and 90 psig o f a 1:1 mixture o f CO/H2 is introduced. The CRC is heated to 
60°C and a spectrum is taken every 5 minutes until no further changes to the spectra are 
observed. Other experiments can be performed at this point, such as the addition of an 
alkene or an acid through a sample addition cylinder attached to the CRC. When all the 
desired experiments are finished, the CRC is brought back into a glove box to isolate the 
final product from the reaction solution.
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7.5 Gas Chromatographic Analysis of the Catalytic Runs
7.5.1 Analysis of 1-Alkene Hydroformylation
The progress o f a typical hydroformylation reaction was monitored with a 
Hewlett Packard 5890 Series II capillary gas chromatograph equipped with a Flame 
Ionization Detector, using helium as the carrier gas. A sample o f approximately 1 
milliliter was taken from the autoclave as the reaction is progressing. A volume o f 200 
p.L o f the sample was measured with a 500 pL gas-tight syringe. The sample was 
diluted 1:5 with the reaction solvent. Two pL o f benzene, the internal standard, was 
added using a 10 pL syringe. An injection volume of 1 pL was used to perform the 
analysis. The chromatogram was acquired via an analog-digital interface with a personal 
computer using an RS-232 port. The LabCalc software package was used for data 
collection, analysis, and display. A schematic diagram of the gas chromatography setup 
is illustrated in Figure 48.
The analyses were performed using the split injection mode on a 60 meter 0.25 
ID DB-1 capillary column manufactured by J&W Scientific. The column head pressure 
was 40 psi and the split ratio was 100:1. The injector temperature was 200°C and the 
detector temperature was 260°C. The temperature program for 1-pentene is as follows: 
initial temperature o f 25°C held constant for 5 minutes, then the temperature ramps to 
130°C at 10°C/minute, then the final temperature is held at 130°C for 5 minutes.
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Figure 48. GC Setup for Analysis o f Catalytic Run
The temperature programs for the lower olefins, ethylene, propylene, and 1- 
butene, are similar to 1-pentene, except that the final temperatures are reduced by 
approximately 10°C per carbon on the olefin chain. During the ethylene and propylene 
analysis, it was difficult to determine the percent conversion to aldehyde products 
because the starting material has a boiling point less than 25°C and we couldn’t reduce 
the column temperature below room temperature. The temperature program for 1- 
hexene is as follows: initial temperature of 40°C held constant for 5 minutes, then the 
temperature ramps to 150°C at 10°C/minute, then the final temperature is held at 150°C 
for 9 minutes. The temperature program for 1-heptene is similar to 1-hexene, except that 
the final temperature is elevated 20°C. The temperature program for 1-octene is as 
follows: initial temperature o f 40°C held constant for 5 minutes, then the temperature 
ramps to 200°C at 15°C/minute, then the final temperature is held at 200°C for 5 
minutes. The temperature program for vinyl acetate is as follows: initial temperature o f 
40°C held constant for 7 minutes, then the temperature ramps to 200°C at 30°C/minute, 
then the final temperature is held at 200°C for 5 minutes. A sample chromatogram is 
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Figure 49. Sample GC Chromatogram of 1 -Hexene Hydroformylation
7.5.2 Analysis of Chiral Hydroformylation Runs
A 30 meter, 0.25 mm ID Chiraldex P-TA gas chromatography capillary column 
from Astec, Inc. was used for the analysis o f enantiomeric excess, %ee, of the 
hydroformylation of vinyl acetate and other prochiral substrates. The separation was 
performed on a Hewlett Packard Series II capillary GC utilizing a FDD detector. The GC 
is equipped with a Hewlett Packard HP7673 model autosampler/injector. A Hewlett 
Packard HP3396 model computing integrator is used to control the autosampler and the 
GC. An injection volume of 1 pL was used to perform the analysis. The chromatogram 
was acquired via an analog-digital interface with a personal computer using an RS-232
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port. The LabCalc software package was used for data collection, analysis, and display. 
This software worked in tandem with the integrator during the analyses. The column 
head pressure was 10 psi and the split ratio was approximately 1:100. The injector 
temperature was 200°C and the detector temperature was 200°C. Retention times for 
the enantiomers was determined to be 6.5 minutes and 7.7 minutes, under the above 
conditions. The enantiomeric excess o f 85% was determined by comparing the areas of 
the two branched enantiomers o f 2-acetoxypropanal.
7.6 Synthesis of Tris(trimethyIsilyl)phosphine, P(TMS)3
We have improved the isolated yield o f P(TMS)3 from this reaction described 
below to over 80% and several hundred grams can be synthesized from each reaction. 
These improvements involve new glassware with teflon joint sleeves and screw cap flask 
closures, a high powered mechanical stirring apparatus with a glass rod and oblong 
teflon stirring blades, new three-way addition funnels for the addition o f Na/K alloy and 
Me3SiCl, and a reaction cooling apparatus to improve the yield and make it much safer 
to control the reaction.60
White phosphorus (50.2 g, 1.62 moles) is cut under water and the white 
oxidation layer is scraped off, revealing a reddish-orange color. The small sticks are 
transferred to a degassed three-neck, five liter flask with two reflux condensers attached. 
The phosphorus is dried and degassed under vacuum for approximately 1.5 hours. A 
mechanical stirring apparatus is then added to the system, with the long glass rod 
protruding through the middle neck on the three-neck flask, through a reflux condenser 
with a screw cap closure, and finally attached to the mechanical stirrer with an adapter
for glass connection. 2500-3000 mL of ethylene glycol dimethyl ether (glyme) is added 
to the flask containing the phosphorus sticks via a cannula and a positive nitrogen 
pressure. The stirring is started using an oblong teflon paddle on the end o f the glass rod 
and the heat is turned on. The glyme/phosphorus solution is allowed to reflux for at 
least 12 hours. This system must continuously be checked for leaks, so that the liquid 
level in the flask does not reduce significantly. Teflon joint sleeves are used instead of 
stopcock grease since the glyme slowly dissolves the grease and can cause the ground 
glass joints to stick together. A three-way addition funnel is brought into the glove box 
and a sodium-potassium alloy is prepared. Potassium (133.1 g, 3.404 moles) and sodium 
(59.0 g, 2.57 moles) slices are cut from sticks stored in mineral oil and added in layers in 
the addition funnel. After a few moments, the point where the two metals touch begins 
to melt and form a silver liquid. The metals are allowed to form the thick Na/K alloy and 
the silver liquid is brought out o f  the box. The addition fimnel is added to the three-neck 
flask once the solution in the flask has been allowed to cool. A very slow drip o f the 
Na/K is then started, but this addition is carefully monitored since the reaction of the 
Na/K with the phosphorus is very exothermic. The height of the vapor in the reflux 
condensers shows whether to slow down the addition or not. As the addition continues, 
the solution changes color several times: pale yellow with dark chunks floating in the 
solution, pea green, dark green, brown, dark brown, then to black. The heat is again 
turned on and the black solution is allowed to reflux for at least 12 hours. 
Chlorotrimethylsilane is degassed by sparging in the hood for approximately 2 hours.
The (CHj^SiCl (750 mL, 640 g, 5.90 moles) is slowly added via a cannula to the black
refluxing solution. This cannula drip, which usually occurs over a 6 hour period, goes 
through the addition funnel so that the system is not exposed to more oxygen during the 
removal o f the addition funnel. The addition of (CH3)3SiCl is a vigorous reaction with 
the production o f heat, color changes, and the formation o f solid. The solution starts out 
black, then goes to green with black chunks, then to a lighter green with smaller black 
specks. The solution becomes extremely viscous with large amounts o f salts. The 
solution is allowed to reflux for three days and good stirring must be maintained 
throughout this period. Without the mechanical stirrer, the reaction would not be able to 
go to completion. Glyme is added periodically during the three day reflux to thin the 
solids out and to keep an adequate stirring rate. After the third day, the reflux is ended 
and the flask is allowed to cool. The reflux condensers and stirring rod are carefully and 
quickly removed and replaced with septa. A slight vacuum is placed on the system and 
the flask is then brought into the glove box. The reaction mixture is filtered using a 
fritted two-neck flask coupled to another two-neck flask on the bottom. The remaining 
salts are washed with hexane and then brought out of the box for disposal. The salts are 
pyrophoric and the best way to dispose o f them is to let them bum in air after a small 
amount o f the solid has been splashed with a small amount o f bleach. However, extreme 
caution should be used, with all safety precautions taken. The liquid remaining in the 
box is placed on the rotovap and the solvent is removed under vacuum. The remaining 
solution is vacuum distilled to give a clear, colorless product that distills at 76-77°C 
under a vacuum of 0.5 Torr. The actual yield o f P(TMS)3 from this reaction using the
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improved apparatus and procedures is 80-85% and typically several hundred grams are 
prepared at a time. The 31P NMR (C6D5CD3) shows a broad singlet at -251 ppm.
7.7 Synthesis of Rhodium Complexes
7.7.1 Synthesis of Rh(NBD)(acac)
Rh(CQ)2(acac) (3.0 g, 1.16 mmole) and norbomadiene (85 mL) is added to a 
250 mL Schlenk flask. Nitrogen is bubbled into the solution using a cannula and a filter 
attachment. The flask is equipped with a reflux condenser and heated with stirring in an 
oil bath at 90°C for 3 hours. The solution turns from dark green to bright yellow. The 
solution is cooled, filtered, and the unreacted norbomadiene was removed under reduced 
pressure. The resulting yellow powder is recrystallized from THF/hexane to form yellow 
crystals. Isolated yield: 90-95%. 'h  NMR (CDC13): 1.2-2.0 (m, bridgehead CH2 of 
NBD and C //3 of acac), 3.8-4.0 (m, CH  of NBD), 5.3 (s, CO-CH-CO o f acac), 6.2 and
6.7 (br s, and br m, olefinic CH  o f NBD).
7.7.2 Synthesis of [Rh(NBD)2](BF4)
Rh(NBD)(acac) (2.014 g, 6.85 mmole) is dissolved in 30 mL of THF in a glove 
box. The solution is cooled to -20°C. HBF4»OEt2 (1.275 g of an 85% solution) is 
added dropwise. The color changed from yellow to dark red. Norbomadiene, (3.0 g, 
32.6 mmole) is added and an orange-red ppt. formed. The flask is placed at -20°C for 2 
hours and the ppt. is collected by filtration. Yield: 90-95%. *H NMR (CD2C12): 1.7 
(br s, bridgehead CH2 o f NBD), 4.3 (br s, CH of NBD), 5.3 and 5.6 (br m, and br s, 
olefinic CH o f NBD).
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7.7.3 Synthesis of [rflce/Mic-Rh2(NBD)2(et,ph-P4)](BF4)2, 2r
[Rh(NBD)2](BF4), (3.74g, 10 mmole) is dissolved in 10 mL o f CH2C12 in a 125 
mL flask. Racemic-et,ph-P4, (2.32 g, 5 mmole), is dissolved in 5 mL of CH2C12 and 
added dropwise to the solution o f [Rh(NBD)2]BF4 with good stirring. The CH2C12 is 
removed under reduced pressure. The resulting red-orange solid is recrystallized from 
acetone to yield orange crystals. Yield -90%. 31P NMR (CD2CI2,) 47.5 (dm, Jp .^
156 Hz, internal phosphorus atoms) and 58.0 (dd, JP_P = 23 Hz and Jp .^  = 150 Hz, 
external phosphorus atoms). JH NMR (CD2C12): 0.8-1.4 (m, PCH2C //3), 1.5-2.1(m, 
PCtf2CH3 and m, ?CH2CH2P and s, bridgehead CH2 ofNBD), 2.9 (t, PCtf2P), 3.6-4.2 
(br d, CH ofNBD), 4.8 and 5.3 (br s, olefmic C H ofNBD).
1.1 A  Synthesis of racemic-Rh2(r|3-aIIyI)2(et,ph-P4), 4r
/totww/'t,-[Rh2(NBD)2(et,ph-P4)](BF4)2 (2.06 g, 2.0 mmol) in 20 mL of THF is 
cooled to -25°C. AJlylMgCI (20 mL of 2.0 M THF solution, 20 equivalents) is added. 
Undissolved rhodium starting material quickly dissolves with the addition of the 
allylMgCI to form a yellow/brown solution. The solution is warmed to room 
temperature and 30 mL of toluene and 10 mL of hexane is added. The flask is placed in 
a freezer overnight to crystallize out the inorganic salts. The solution is filtered through 
a glass frit and the solvents removed from the filtrate by vacuum evaporation. The 
product is extracted with a 3:1 mixture o f toluene and hexane. The solvents are 
removed once again and the residue dissolved in DMF. The flask is placed in a freezer to 
crystallize the product. A total o f -90%  yield is obtained after collecting a few crops of
the crystals by repeated recrystallizations from DMF. 31P{1H} NMR (C6D6): 68.5 (d of 
multiplets, Jp„Rh = 188 Hz, terminal P ’s o f all three possible isomers); 56.4 (d of 
multiplets, JP_Rh =178 Hz, internal P ’s o f one o f the two isomers with a two-fold 
symmetry axis); 55.7 (dddd, Jp .^  = 188 Hz, JP.P = 40, 20, and 1 Hz, internal P o f the 
isomer without a two-fold symmetry axis), 52.3 (dddd, JP_Rh = 194 Hz, JP.P = 40, 19, 
and 1 Hz, the other internal P o f the isomer without two-fold symmetry axis); 52 .0 (d of 
multiplets, Jp.pj, = 194 Hz, internal P ’s of the other isomers with two-fold symmetry 
axis). Anal. Calcd for C31H 5 0P4Rh2 (MW = 752.44): C, 49.48%, H, 6.71%. Found: C, 
49.43%, H, 6.51%.
7.7.5 Crystal Structure of raceiwc-Rh2(Ti3-aIIyI)2(et,ph-P4), 4r
Crystal data: orange red crystal, C31H 5 oP4 Rh2, monoclinic, C2/c (No. 15), a = 
22.6758(9) A, b = 9.1738(4) A, c = 16.4587(8) A, p = 92.75(2)°, V= 3419.8(5) A3, Z = 
4, D(calcd) = 1.460 g cm'3, p(Mo Ka) = 11.52 cm'1. Data collection information:
CAD4 diffractometer, Mo K a radiation, 4980 data collected, 3847 unique data w ith />
3a(I), R = 0.029, = 0.038, GOF = 1.966, empirical absorption correction with
transmission coefficients ranging from 91.3919 to 99.9886%, maximum residual electron 
density = 0.621 e/A3.
There was a disorder problem with the central C2A carbon of the allyl ligand. 
Two positions were located for this atom and were successfully refined with isotropic 
thermal parameters. Tables of frill crystal and data collection parameters, positional, and 
thermal parameters are included in supplementary material.
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7.8 Spectroscopic Data on Rhodium Complexes
7.8.1 Spectroscopic Data on racem/c-Rh2(T|3-aHyI)2(CO)2(et,ph-P4), 5r 
This complex can be generated either in an NMR tube by bubbling CO gas
through a solution o f 4 r for a couple o f seconds, or in the CRC by adding two 
equivalents o f CO (about 10 psig) to a solution o f 4r. IR (C=0 stretches only): 1930 
cm'1. 31P{‘H} NMR (toluene-dg): 56.1 (br d, Jp.jy, = 140 Hz, terminal phosphorus 
atoms), 44.0 (br d, Jp.jy, = 147 Hz, internal phosphorus atoms).
7.8.2 Spectroscopic Data on racem/oRh2(COCH2CH=CH2)2(CO)4(et,ph-P4), 6r 
This complex is produced when CO gas is bubbled through a solution of 4r for
two minutes and then purged through the NMR tube for 30 minutes. It can also be 
produced in the CRC by adding 90 psig o f CO to a solution o f 4r. IR (THF, selected 
stretches only, cm'1): 1982 (m, axial CO), 1936 (vs, equatorial CO), 1648, 1623 (w, 
isomeric C = 0’s of Rh-acyl). 31P{1H} NMR (toluene-^8): 41.8 (dd, Jp.pj, = 72 Hz, JP.P 
= 27 Hz), 39.2 (dd, Jp.Rj, = 150 Hz, JP.P = 27 Hz). "C ^H } NMR (toluene-^): 241.9 
(dd, Jc-Rh = 81 Hz, JC_P = 21 Hz, carbon o f equatorial CO), 199.2 (dm, J ’s cannot be 
determined due to complexity o f the overlapping peaks of the acyl carbonyl carbon and 
axial CO carbon). JH NMR (C6D6, Rh-C(0)CH2(a)CH(P)=CH2 (y) assignment only):
6.2 (m, P), 5.0 (d, JH_H = 8 Hz, y trans to p), 4.84 (s, y cis to P), 3.85 (d, JH_H = 9 Hz, 
a).
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7.8.3 In Situ FT-IR Study on the Reaction of 6r with CO/H2
After 6r is generated in the CRC, CO gas is replaced with CO/H2 (90 psig) and 
the mixture heated to 90°C. A new spectrum is obtained within ten minutes. Rhodium- 
acyl carbonyl stretches at 1648 and 1628 cm'1 have disappeared. Two aldehydes have 
been formed as indicated by the two stretches at 1697 (m, (9=CHCH=CHCH3) and 1733 
cm'1 (m, O^CHCH2CH=CH2). Four terminal CO stretches were observed at 1970 (vs), 
1951 (s), 1929 (vs), and 1895 (s), and abridging CO at 1794 cm'1 (m).
7.8.4 Synthesis of rflcem/c-[Rh2(CO)4(et,ph-P4)](BF4)2, 7r
M ethod 1: HBF4«OEt2 (0.81 g, 5.0 mmol) is added to a CH2C12 (30 mL) 
solution of Rh(acac)(CO)2 (1.29 g, 5.0 mmol) with stirring, followed by addition of 
racemic-Qt,ph-P4 (1.16 g, 2.5 mmol in 5 mL of CH2C12) to obtain a red solution. The 
volume of the solution is then reduced to about 10 mL by vacuum evaporation. CO gas 
is then bubbled through the solution for 5 minutes. The concentrated solution is then 
added dropwise to 100 mL of diethylether with stirring to obtain a red precipitate. The 
flask containing the precipitate and the solution is placed in a freezer to be cooled to 
-32°C. The precipitate is then collected on a glass frit to obtain a red powder. Yield:
2.1 g, 90%.
M ethod 2: /toctw c-R h2(allyl)2(et,ph-P4) (0.38 g, 0.5 mmol) is dissolved in 40 
mL of acetone in a two-neck round bottom Schlenk flask fitted with a septum and an 
addition funnel containing HBF4®OEt2 (8.1 g of a 1% solution, 5.0 mmol). CO gas is 
bubbled through the solution for 30 minutes to generate racemic- 
Rh2(COCH2CH=CH2)2(CO)4(et,ph-P4). The solution is then cooled to 0°C and a
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diethyl ether solution o f HBF4«OEt2 is added dropwise, causing the solution to change 
from yellow/orange to red. The solution is then allowed to warm to room temperature 
and the volume reduced to 5 mL by vacuum evaporation. The concentrated solution is 
bubbled with CO gas for 5 minutes and then brought into a glove box and added slowly 
to 50 mL of diethyl ether with stirring to form a red precipitate. The flask containing the 
precipitate and the solution is placed in a freezer to be cooled to -32°C. The precipitate 
is then collected on a glass frit to obtain a red powder. Yield: 0.45 g, 94%.
M ethod 3: (In-situ FT-IR  study of 2r): An acetone solution (15 mL) o f 2r 
(0.38 g, 0.25 mmol) is charged into the CRC. In-situ FT-IR study is performed by 
following the procedures described earlier. Three experiments were conducted and the 
results are as follows:
Experiment 1: Conditions: 90 psig CO, 60°C 20 minutes. Three CO stretches 
were observed: 2095 (vs), 2044 (vs), 2018 cm'1 (s).
Experiment 2: Conditions: 90 psig CO/H2 (1:1 ratio), 60°C 50 minutes. The 
following CO stretches were observed: 2095 (vs), 2076 (s), 2045 (vs), 2021 (s), 2002 
(s), and 1832 cm'1 (s, bridging CO).
Experiment 3: After the last spectrum is taken in experiment 2, 1-hexene (5.0 
mL, 108 eq.) is added to the CRC. No change to the spectrum in the 1800—2200 cm'1 
region is observed. Over 95% of the 1-hexene is converted to aldehydes in about one 
hour. The spectrum remained unchanged during the course o f the reaction.
After the last experiment is finished, the pressure in the CRC is released and the 
CRC brought into a glove box. The CRC solution is added slowly to a flask containing
115
100 mL of diethyl ether to form a red precipitate. The flask is placed in a freezer to be 
cooled to -32°C. The precipitate is then filtered with a glass frit to obtain a red powder. 
Yield: 0.28 g, 80%. Higher yields (up to 90%) can be obtained if the first and the third 
experiments are not performed.
7.8.5 Analysis of racemic-[Rh2(CO)4(et,ph-P4)](BF4)2, 7r
IR (in acetone under 1 atm o f CO, cm'1): 2058 (vs) 2006 (vs). 3IP{!H} NMR 
(acetone-d^, under 1 atm of CO): 69.9 (dd, Jp.Rh =112 Hz, JP_P = 25 Hz, terminal 
phosphorus atoms), 53.5 (dd, Jjqy, = 127 Hz, JP_P = 25 Hz, internal phosphorus atoms). 
Anal. Calcd for C29H40P4Rh2B2F8O4  (MW = 955.95): C, 36.43%, H, 4.22%. Found: C, 
36.51%, H, 4.22%.
7.8.6 Synthesis of Unsymmetric Dimer, 2w
To the flask containing 0.10 g of 1 (0.1 mmol) was added lithium 
diisopropylamide (LDA) (0.065 mL of 1.5 M solution diluted with 1 mL of THF). The 
mixture was stirred and 1 was dissolved and reacted within 15 minutes as evidenced by 
3IP NMR of the solution. The yield of the reaction is over 90% as determined by NMR. 
31P NMR (reaction solution above, 101 Mhz, 5): 53.4 (Pa, ddd, J P a . i y i  = 130 Hz, J Pa_Pd 
= 28 Hz, J Pa_Pb = 19 Hz ), 44.4 (Pb, dddd, J Pb_R], = 102 Hz, J Pb_Pd = 103 Hz, J Pb_Pa =
19 Hz, J Pb.Pe = 4 Hz), 15.6 ( Pc, ddd, J P(>Rh = 174 Hz, J Pc.Pd = 10 Hz, J Pc_Pb = 4 Hz), 
-37.2 (Pd , dddd, J pj.Rh = 105 Hz, J Pd.Pb = 103 Hz, J Pd_Pa = 28 Hz, J Pd_Pc = 10 Hz).
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7.8.7 NM R Data on Unsymmetric Dimer, 3w
31P NMR (C6D6, 162 Mhz, 8): 50.9 (Pa , ddd, J = 140 Hz, J Pa_Pd = 26 Hz, 
J  Pa-Pb =  ^  H z ), 10.1 (Pb, dddd, J Pb.Rh =  88 Hz, J Pb_Pa = 20 Hz, J Pb_Pc = 1 9  Hz, J Pb_Pd 
= 4 Hz), 6.0 ( Pc, ddd, J pc.Rh = 193 Hz, J Pc.Pd = 25 Hz, J Pc_P5 = 9 Hz ), -66.2 (Pd, 
dddd, J Pd_Rh = 90 Hz, J Pd_Pa = 26 Hz, J Pd_Pc = 25 Hz, J Pd_Pc = 3 Hz).
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APPENDIX 1 CRYSTALLOGRAPHIC DATA
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K A3 3419.8 (5)
Z 4
dcalc* g/mL 1.46
p(Mo Ka), cm-1 11.52
temperature, °C 22







variable scan speed 0.5-5°/min
data limits 2° < 20 < 60°
octants colled h,k, ±1
reflcns colled 4980
unique data,
F02 > 3°(F02) 3847
absorption corr empirical





T ab le  10. Positional Param eters for race/m c-Rh2(allyl)2(et,ph-P4), 4r.
Atom X y z ® eq(^3)
Rh 0.37449(1) 0.50981(2) 0.75876(1) 2.977(4)
PI 0.44256(3) 0.39162(7) 0.69353(4) 2.76(1)
P2 0.38382(3) 0.68137(8) 0.66506(4) 3.28(1)
Cl 1/2 0.2865(4) 3/4 3.31(7)
C ll 0.4823(1) 0.5205(3) 0.6294(2) 3.42(5)
C12 0.4358(1) 0.6195(3) 0.5895(2) 3.93(6)
C21 0.4153(2) 0.8592(4) 0.6946(2) 4.90(7)
C22 0.3865(2) 0.9303(5) 0.7646(2) 7.9(1)
C23 0.3186(1) 0.7342(4) 0.6016(2) 4.58(6)
C24 0.2792(1) 0.6069(4) 0.5782(2) 5.42(8)
C1P 0.4152(1) 0.2612(3) 0.6156(1) 3.09(5)
C2P 0.3553(1) 0.2306(3) 0.6083(2) 3.71(5)
C3P 0.3322(1) 0.1422(4) 0.5469(2) 4.53(6)
C4P 0.3682(1) 0.0833(4) 0.4915(2) 4.83(7)
C5P 0.4281(2) 0.1101(4) 0.4985(2) 5.04(7)
C6P 0.4512(1) 0.1977(4) 0.5603(2) 4.26(6)
CIA 0.3030(2) 0.5952(5) 0.8310(2) 6.56(9)
C2A 0.3399(3) 0.5081(6) 0.8787(4) 5.6(1)*
C2'A 0.3067(5) 0.445(1) 0.8335(7) 5.6*
C3A 0.3527(2) 0.3586(4) 0.8563(2) 6.08(8)
Starred atoms were refined isotropically.
Multiplicities o f disordered atoms are: C2A: 0.661(5); C2'A: 0.339.
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T ab le  11. Anisotropic Thermal Param eters (U ’s) for 4r.
Name U(l,l) U(2,2) U(3,3) U(l,2) U(l,3) U(2,3)
Rh 0.03256(8) 0.0487(1) 0.03203(8) -0.00014(9) 0.00310(7) 0.00382(9)
PI 0.0293(3) 0.0426(3) 0.0325(3) -0.0027(3) -0.0012(2) 0.0029(3)
P2 0.0379(3) 0.0469(4) 0.0389(3) 0.0010(3) -0.0061(3) 0.0069(3)
Cl 0.038(2) 0.041(2) 0.046(2) 0 -0.007(1) 0
C ll 0.035(1) 0.055(2) 0.040(1) -0.005(1) 0.004(1) 0.004(1)
C12 0.049(1) 0.064(2) 0.036(1) -0.004(1) 0.003(1) 0.013(1)
C21 0.064(2) 0.059(2) 0.061(2) -0.013(2) -0.014(1) 0.007(2)
C22 0.157(4) 0.072(2) 0.072(2) -0.032(3) 0.008(3) -0.019(2)
C23 0.048(1) 0.058(2) 0.066(2) 0.005(1) -0.020(1) 0.011(2)
C24 0.054(2) 0.079(2) 0.070(2) -0.001(2) -0.025(1) 0.007(2)
C1P 0.037(1) 0.046(1) 0.035(1) -0.004(1) -0.0011(9) 0.003(1)
C2P 0.040(1) 0.054(2) 0.047(1) -0.005(1) -0.001(1) -0.003(1)
C3P 0.047(1) 0.067(2) 0.057(2) -0.014(1) -0.009(1) -0.002(2)
C4P 0.071(2) 0.067(2) 0.044(1) -0.017(2) -0.008(1) -0.007(2)
C5P 0.069(2) 0.078(2) 0.045(1) -0.006(2) 0.009(1) -0.015(2)
C6P 0.042(1) 0.072(2) 0.048(1) -0.007(1) 0.004(1) -0.009(1)
CIA 0.073(2) 0.100(3) 0.080(2) 0.015(2) 0.045(1) 0.008(2)
C3A 0.085(2) 0.087(2) 0.062(2) -0.008(2) 0.033(1) 0.026(2)
The form of the anisotropic displacement parameter is: exp[-27t2 {h2a2\J( 1,1) + 
k2b2U(2,2) + fic2\]{3,3) + 2hkabU(\,2) + 2hlac\J(l,3) + 2klbcU(2,3)}] where a, b, 
and c are reciprocal lattice constants.
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space group P 1









p(Mo Ka), cm-1 8.95
temperature, °C 23
cryst size, mm . 12x . 28x . 37






variable scan speed 0.5-5°/min
data limits 1-25°
octants colled h,k, ±1
reflcns colled 4980
unique data, 7942
F02 > 3o(F02) 3847
absorption corr empirical





T ab le  13. Positional Param eters for Rh2(C O )3(|i-C O )(ri1,ri3-et,ph-P4).
Atom X y z ® eq(^3)
Rhl 0.67596(2) 0.28484(2) 0.29131(1) 2.772(6)
Rh2 0.69967(2) 0.21223(2) 0.48711(1) 2.856(6)
PI 0.48652(8) 0.23736(6) 0.31842(5) 2.91(2)
P2 0.76443(8) 0.11556(6) 0.29515(5) 3.37(2)
P3 0.48360(8) 0.26889(6) 0.49235(5) 2.89(2)
P4 0.57933(9) 0.45382(6) 0.28686(5) 3.54(2)
C 0.4024(3) 0.2286(2) 0.4282(2) 3.70(8)
C ll 0.5207(3) 0.1023(2) 0.3215(2) 3.80(8)
C12 0.6521(3) 0.0373(2) 0.3500(2) 3.74(8)
C21 0.9109(3) 0.0363(3) 0.3538(2) 4.39(9)
C22 0.9467(4) -0.0816(3) 0.3757(3) 7.0(1)
C23 0.8044(4) 0.1047(3) 0.1842(2) 5.0(1)
C24 0.7052(4) 0.1574(3) 0.1134(2) 6.9(1)
C31 0.4170(3) 0.4134(2) 0.4472(2) 4.20(9)
C32 0.4256(4) 0.4734(3) 0.3460(2) 4.8(1)
C41 0.5346(4) 0.5518(3) 0.1717(2) 4.9(1)
C42 0.4797(4) 0.6679(3) 0.1574(3) 6.5(1)
C43 0.6672(4) 0.5147(3) 0.3244(2) 5.4(1)
C44 0.7831(4) 0.5327(3) 0.2659(3) 7.0(1)
C1P 0.3588(3) 0.3063(2) 0.2368(2) 3.38(8)
C2P 0.3870(3) 0.3666(3) 0.1470(2) 4.28(9)
(table con'd.)
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C3P 0.2963(4) 0.4148(3) 0.0818(2) 5.6(1)
C4P 0.1781(4) 0.4034(3) 0.1053(2) 6.1(1)
C5P 0.1477(3) 0.3449(3) 0.1936(2) 5.5(1)
C6P 0.2383(3) 0.2966(3) 0.2591(2) 4.31(9)
C7P 0.4008(3) 0.2300(2) 0.6037(2) 3.05(7)
C8P 0.2720(3) 0.2633(2) 0.6145(2) 3.85(9)
C9P 0.2138(3) 0.2314(3) 0.6998(2) 4.4(1)
C10P 0.2834(3) 0.1654(3) 0.7757(2) 4.7(1)
C11P 0.4103(3) 0.1307(3) 0.7673(2) 4.7(1)
C12P 0.4690(3) 0.1630(2) 0.6815(2) 3.61(8)
APPENDIX 2 NMR SPECTRA
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Figure 50. *H NMR of P(TMS)3 in C6D6 (100 MHz).
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Figure 51. 31P NMR of P(TMS)3 in C6D6 (100 MHz).
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Figure 52. JH NMR of Rh(NBD)(acac) in CDC13 (250 MHz).
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Figure 53. *H NMR o f  [Rh(NBD)2](BF4) in CD2C12 (250 MHz).
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F igu re  54. 'H  N M R  o f  race/w c-[R h 2 (NBD)2 (et,ph-P4)](BF4)2, 2r, in CD 2 C12  (250 M Hz).
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F igu re  55. P N M R  o f  race/m c-[Rh 2 (NBD )2 (et,ph-P4)](BF4)2, 2r, in CD 2 C12  (250 M Hz).
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F ig u re  56. *H N M R  o f  racemic Rh 2 (n 3 -allyl)2 (et,ph-P4), 4r, in C 6 D 6  (250 M Hz).
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F ig u re  57. 31P N M R o f  racemic Rh 2 (n 3 -allyl)2 (et,ph-P 4 ), 4r, in C 6 D 6  (250 MHz).
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F ig u re  60. 31P N M R  o f  racemic Rh2 (COCH 2 CH =CH 2 ) 2 (CO)4 (et,ph-P4), 6 r, in C 6 D 5 CD 3  (250 MHz).
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F ig u re  62. 3IP N M R o f  race/w/c-[Rh2 (CO)4 (etJph-P4)](BF 4 ) 2 5  7r, in CD 2 C12  (250 MHz).
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F igu re  63. 31P N M R  o f  race/w c-[Rh 2 (CO)6 (et,ph-P4)](BF4)2, 10r> ' n CD 2 C12  (250 MHz).
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F ig u re  67. 'H  N M R o f  Vinyl Acetate Hydroformylation Using race/w 'c-[Rh 2 (NBD)2 (et,ph-P 4 )](BF 4 ) 2  in CDC13  (100 MHz).
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1 ,F igu re  6 8 . H  NM R o f  Allyl Alcohol Hydroformylation Using race/w/c-[Rh 2 (NBD)2 (et,ph-P 4 )](BF 4 ) 2  in CD 3 COCD 3  ( 1 0 0  MHz).















F ig u re  70. FT-IR  Spectrum o f  CO Reaction to  Generate race/w/c-Rh2 (n 3 -allyl)2 (CO)2 (et,ph-P 4 ), 5r.
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Figure 73. FT-IR Spectrum o f Bisacyl Species, 6r, with H2/CO and Subsequent Addition o f 1-Hexene.
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Figure 75. FT-IR Spectra Depicting Neutral, Monocationic, and Dicationic Species.
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2100 2000 1900 1800 1700 1600
Figure 76. FT-IR Study of race/wc-[Rh2(NBD)2(et,ph-P4)](BF4)2, 2r, Reacting with 
H2/CO and 1-Hexene.a
* Region between 1780 and 1650 cm-1 had strong stretches from acetone 
solvent and is not displayed (this, unfortunately, is the region where the 
aldehdye product carbonyl band appears): (a) 30 min at 90°C/90psi. (b) 10 
min after addition o f 5 mL of 1-hexene. (c) 1.5 hours after the addition of 
1-hexene (all alkene converted to aldehyde product).
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Hydroformylation of Allyl Alcohol










Figure 77. Uptake Curves o f ARCO Catalyst and racemic-
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Figure 78. Graph of Percent o f Products Versus Time in Allyl Alcohol
Hydroformylation Using racem/c-[Rh2(NBD)2(et,ph-P4)](BF4)2.
Table 14. Hydroformylation o f Allyl Alcohol at 60°C and 60 psig H2/CO. 


















0.5 7.9 0.08 7.98 0.25 8.23 31.92 36.8 18.28 0.13 45.16
1 17.5 0.57 18.07 0.61 18.68 29.62 20.6 54.25 0.32 39.6
1.5 21.7 1.1 22.8 0.81 23.61 28.15 15.7 65.13 0.49 39.8
2 20.1 2.3 22.4 0.91 23.31 24.62 8.7 80.68 0.42 3.3 35.73
2.5 16.6 5.5 22.1 1.54 23.64 14.35 4.3 90.45 1.23 6.5 35.67
3 10.4 6.4 16.8 1.2 18 14.00 1.7 96.22 1.63 8.8 30.13
3.5 5.6 7.4 13 1.18 14.18 11.02 0.57 98.73 1.85 12 28.6
4 2.46 6.85 9.31 1.11 10.42 8.39 0.18 99.60 1.67 20.92 33.19





Percent conversion of allyl alcohol to products.
Indicates isomerization o f the double bond and 
production of propanal.
Indicates some high molecular weight compound 
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